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ABSTRACT
Glass reinforced polyester with its high strength to weight ratio can 
offer considerable advantages when used as a structural material in the 
Civil Engineering industry. One application in which it has shown 
particular promise is in the form of repeated prefabricated basic 
structural units that can be assembled together to form a structure. This 
thesis discusses the use of a manufacturing method that is potentially 
well suited to the production of units of this kind, namely, the hot press 
moulding of Sheet Moulding Compound. The production of a prototype model 
of an equilateral triangular based pyramid unit is described, along with 
the assembly of several of these units into various structural 
configurations. Details are presented for the manufacture of a moulding 
tool by a low cost method, enabling the production of a limited number of 
these pyramid units. Consideration is given to the unique nature of 
S.M.C. mouldir^, including a limited study of the moulding parameters. An 
approach for the finite element analysis of structures incorporating the 
S.M.C. pyramid unit is presented, and the results compared to experimental 
observations on scale models. Generally good agreement between the 
experimental and analytical results is obtained and, thus proven, the 
analytical approach is used to perform a parameter study on a full size 
structure constructed from S.M.C. components. Finally, conclusions are 
drawn concerning the feasibility of a full size basic structural unit in 
S.M.C. material.
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CHAPTER 1 
INTRODUCTION
1.1 General Introduction
Glass reinforced polyester is a material that has been in use in 
construction for a number of years. Although its use is not widespread, 
being mainly reserved for prestige type buildings, the architectural forms 
and principles of design with G.R.P. are now well established.
One of the principal uses of the material in this field, has been in the 
form of repeated prefabricated units that can be assembled to form an 
enclosure or roof structure. These units may be either of an infill type, 
where the structural loads are carried by a supporting framework of 
another material, or may be fully load bearing and contribute 
significantly to the strength of the structure.
The basic G.R.P. units for these structures have generally been 
manufactured by the hand lay-up method, which is a labour intensive and 
time Consuming process. On occasions, other methods such as vacuum 
forming and cold press moulding have been employed, but these are at best 
semi-mechanical methods and still require relatively long periods of time 
for the units to gain full stability. These methods are never-the-less 
suitable for the low volumes of production generally required in 
construction projects.
An alternative manufacturing technique involving the hot press moulding of
Sheet Moulding Compound has been known for several years. In this
process, specially prepared charges of the S.M.C. material are compressed
in a heated matched metal moulding tool at temperatures around 140^C and2pressures around 6.9MN/irm . The charge of S.M.C, flows to fill the mould 
cavity and a finished, fully cured component is produced within a matter 
of minutes.
Sheet Moulding Compound is a combination of chopped glass fibres., which 
are randomly orientated within the plane of the sheet, and a polyester
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resin matrix. The sheet is produced in a continuous process on specially 
constructed compounding machines. Resin and fibres are combined betweoi 
carrier films of polyethylene and then rolled to ensure thorough wetting 
of the fibres. A standard formulation for S.M.C. will include particulate 
fillers, a low shrinkage additive, an internal release agent and a high 
temperature catalyst, in addition to the unsaturated polyester in a 
reactive diluent.
The resin component of S.M.C. is chemically thickened by the addition of 
an alkaline earth oxide or hydroxide which after a period of maturation, 
increases the viscosity of the resin yielding a "plastic" like, tack free 
sheet. This makes S.M.C, material easy to handle at the press and gives 
it its distinctive properties as a hot press moulding material.
The average mechanical properties of G.R.P. manufactured by this method, 
and the smootli surfaces attainable, have made the material suitable for 
non-load bearing, cosmetic purposes in the automotive industry, typically 
for body parts. Over the years, however, the method of manufacture has 
increased in reliability and S.M.C, is often considered a viable 
alternative in true load bearing situations in automobiles. Some very 
large components have been moulded by this method, for example, lorry cab 
fronts and roof sections.
Although the average mechanical properties of S.M.C. make the material a 
candidate for structural use, the material is subject to wide variability. 
In the processing of S.M.C. there are many parameters that potentially 
affect the consistency of the material. The variability, however, has 
largely been attributed to flow induced orientation of the glass fibre 
reinforcement and other flow related flaws that occur during the moulding 
process. Because of this, the understanding of S.M.C. rheology has become 
an important part of S.M.C. moulding technology.
Despite these difficulties, glass reinforced polyester manufactured from 
Sheet Moulding Compound shows great promise for its use in the Civil 
Engineering industry. The aim of the current project is to address some 
of the aspects of this-material's use as a true structural material.
1.2 Project Aims
1.2.1 Structural form
With a proper appreciation of the effects of mould flow, flaw free 
components can be manufactured in S.M.C. As this is the case, a possible 
end use of the material has been investigated, in the form of a basic 
structural unit of pyramid shape. It is intended that these units should 
be used as load bearing panels in roof structures, the apexes of the units 
being join©3 by a tubular monber. A suitable material for this tube would 
be pultruded G.R.P. and hence an all G.R.P. structure would be possible.
The experimental programme for the current investigation centred on the 
manufacture of a scale model of a triangular based pyramid unit in S.M.C. 
and the assembly and testing of structures constructed with the unit. 
First of all, this required the manufacture of a suitable moulding tool.
1.2.2 Moulding tool
Moulding tools for the processing of S.M.C. are generally machined from 
steel to high standards of accuracy. This form of tool manufacture is 
very expensive, however, and a high volume of production of moulded 
components must be guaranteed before a tool is made. Clearly, in a 
research pro j œ t  the manufacture of a steel tool would be difficult to 
justify. In this instance, a low cost alternative method for the 
manufacture of the tool had therefore to be considered. A method 
involving the backing of a sprayed metal surface shell with a filled resin 
system proved to be suitable.
1.2.3 Material investigation
Once the moulding tool was manufactured, basic structural units were 
successfully moulded from standard S.M.C, material. This material was 
then subjected to a testing regime to determine the mechanical properties 
achieved in the component and to detect any flaws or weakness arising from 
the moulding process. Repeatable material property variations between 
mouldings were of particular interest.
1.2.4 Structural analysis
Since the experimental testing on complete structures incorporating S.M.C. 
was only practical on scale models, an analytical technique was required 
to predict the behaviour of full scale structures. For this analytical 
work, the finite elemeit technique of structural analysis was considered 
to be suitable.
To accomplish the analytical study, a finite elonoit computer program was 
developed. This allowed the determination of the behaviour of a typical 
full scale structure. It was also possible to investigate the effect of 
using various configurations of pyramid unit geometry and to consider some 
material saving strategies. Prior to this, the computer program was fully 
validated by checking results against those obtained experimentally for 
perspex and S.M.C. models. For the purpose of results verification 
against S.M.C, models, the mechanical properties determined in the 
materials investigation were used. A treatment for anisotropic areas of 
the pyramid units, approximating them as quasi-orthotropic, was 
incorporated into the program.
1.2.5 Mould flow study
The quality of the S.M.C. pyramid unit produced was as in all S.M.C. 
components, dependant on the mould flow characteristics. In an attempt to 
obtain a clearer picture of the mould flow behaviour for this particular 
mould, a limited experimental mould parameter study was planned. This was 
catered for at the time of manufacture of the tool by inclusion of 
suitable fittings for instruments at the mould face. Although 
commercially available instruments and fittings proved prohibitively 
expensive, practical instrumentation for the study of the relevant 
parameters during the moulding cycle was adopted.
CHAPTER 2 
LITERATURE REVIEW
2.1 Materials
2.1.1 Glass reinforced plastic
Glass reinforced plastic is a material formed by the combination of a 
plastic matrix and glass fibres to form a composite material. This 
reinforcement of a low modulus, low strength matrix with a high strength, 
high modulus fibre gives a composite of greatly increased mechanical 
properties over the basic plastic material. One type of plastic commonly 
used in this way is polyester resin.
The aim in a composite of this type is to produce a two phase material in 
which the primary phase, providing strength and stiffness (fibres), is 
well dispersed and bonded by a weak secondary phase (matrix) . A primary 
function of the matrix is to transfer stresses to the fibres efficiently 
by adhesion and friction when the composite is under load.
When considering the micro structure of a composite material, it is by its
very nature, an anisotropic, non-homogeneous material. However, of
interest to the engineer are the average macro-mechanical properties of
the composite, for example, the mechanical properties describing thef2 11strength and stiffness. These are affected by?
(i) the mechanical properties of fibre and matrix,
(ii) the fibre fraction by weight,
(iii) fibre orientation within the matrix,
(iv) fibre cross section,
(v) the degree of fibre matrix interface adhesion.
Generally, composites of improved mechanical properties are produced when 
stiffer, stronger fibres are included in the matrix phase in higher 
proportions, subject to practical limitations.
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The most common use of composite of this type is in the form of lamina or 
laminates (consisting of several laminae). Composites in which 
discontinuous fibres are randomly orientated in the plane of the lamina 
will have the same properties in all directions within the lamina. These 
are therefore termed isotropic or, more correctly, transversely isotropic. 
Other composites might be anisotropic as a consequence of fibres being 
orientated in preferred directions. Of particular interest are those 
anisotropic materials which fall into the class of orthotropic by virtue 
of their bi-directional or unidirectional distribution of fibres.
Of considerable importance to the behaviour of the conposite, is the
interface region between the fibre and the matrix. This is an anisotropic
transition zone exhibiting a graduation of properties. It must provide an
adequately stable bond, both chemical and physical, between the fibres and
the matrix. To achieve this a coupling agent is usually applied to the
glass fibres. A fuller discussion of the behaviour and properties of this
region when under stress can be found in reference 2.2, Discussion
concerning the bonding mechanisms of the interface region has beenf2 31presented by Graf and Koenig.
One property of glass reinforced polyester that can be used to 
/ considerable advantage in structural situations is the material's high 
strength to weight ratio, although this is offset somewhat by the 
materials relatively low stiffness. To illustrate this, table 2.1 gives 
properties of G.R.P. compared to some conventional materials. Advantages 
and limitations of G.R.P. will be discussed further in section 2.2.2 .
2.1.2 Polyester resin
Plastics are organic materials with very high molecular weights. These 
very large molecules, or polymers, are built-up from simpler repeating 
units, or monomers, when suitable conditions for the chemical reaction 
exist. This process is termed polymerisation.
— 6 —
Material Ultimate Tensile Strength
m/K?)
Modulus of Elasticity in 
Tension
(GN/m^)
Specific
Gravity
MILD STEEL 370 - 700 210 7.8
ALUMINIUMALLOYS 140 - 550 70 2.8
TIMBER 100 12 0.5
GRP(Hand lay GSM 45% glass) 180 11 1.6
TABLE 2.1 Comparison of some 
properties of materials.
mechanical
The plastic matrix material of glass reinforced plastic composites is 
generally a polyester resin to form glass reinforced polyester (G.R.P.). 
This is a material formed by the copolymerisation of unsaturated polyester 
resin and a monomer, generally styrene. It is a thermosetting plastic 
material, which means that the chemical reaction involved in its formation 
is irreversible, as opposed to thermoplastic plastics which can be 
reprocessed. The mechanical properties of thermosetting plastics are 
generally better than those of thermoplastic plastics.
The basic polyester backbone of a general purpose resin is composed of 
three basic types of structural units:
(i) an unsaturated acid, typically maleic acid, which provides 
sites for cross linking,
(ii) a saturated acid, typically phthalic acid, which determines 
the spacing of the unsaturated acid along the polyester chain,
— 7 —
and (iii) a glycol typically propylene glycol, which provides the means
for estérification and for bridging of the acids to form a 
polymer.
The unsaturated polyester is added to an unsaturated monomer, generally 
styrene which, as well as acting as a solvent, will copolymerise with the 
unsaturated groups along the polyester chains to form a cross- linked 
structure.
Copolymerisation takes place during the manufacture of a G.R.P. composite 
by the action of free radicals, formed in general, by the decomposition of 
an organic peroxide catalyst. The free radicals are capable of reacting 
in such a way as to open the double bond of an unsaturated group and add 
themselves on. This is the initiation of the reaction. Within a fraction 
of a second the reaction propagates by many more monomer molecules adding 
on in succession. The final step is the combination of two of the polymer 
chains so formed, each terminating the growth of the other.
In a general purpose polyester 95% of all unsaturation will react at full 
cure. The period during which cure takes place is often termed gelation.
The final molecular structure of a cured polyester resin can be described 
as a gigantic network. This consists of two polymer species, namely 
polyester and polystyrene chains. Both are connected to each other via 
covalent bonds with the unsaturated acid groups.
Since phthalic acid exists in three isomeric forms, unsaturated polyester 
can be manufactured to form orthophthalic, isophthalic and terephthalic 
resins. Orthophthalic resins were among the earliest available resins and 
by the 1950s, owing to advances in the technology of resin manufacturing, 
were joined by high performance isophthalic resins. With terephthalic 
resin only recently being introduced to the moulding industry the
former two remain in widespread use.
Unreinforced polyesters exhibit poor mechanical behaviour when under load,2and like most plastics are characterised by low elastic modulus (2.5QSI/m 2to 4.0GN/m ). The stress-strain behaviour of unreinforced polyester is
— 8 —
non-linear and also exhibit considerable creep deformation when under 
load. These factors do not, however, rule out its use as a matrix phase 
in G.R.P..
2.1.3 Glass fibre reinforcenent
Glass, in the form of fibres, is a very stiff, strong material. The
tensile modulus of a monofilament of glass, for instance, is in the region2 2 of 65-75GN/m and the tensile strength can be as high as 3.5GN/m . Under
load, glass fibres are elastic until failure and exhibit negligible creep.
These properties make glass fibres suitable for a use as a reinforcement
to polyester and other plastics.
Glass fibres are composed, as are other forms of glass, of silicon 
dioxide, and various metallic oxides added to yield specific properties. 
The type of glass that has found widespread use as a reinforcement for 
polyester is a low alkaline glass known as E glass (or Electrical glass, 
because of its superior electrical insulation properties).
The ingredients are dry mixed and melted in a high refractory furnace, the 
temperature of which is typically around 1400°C. Continuous filaments are 
produced from the melt by mechanically drawing molten glass at high speed 
from small platinum alloy tanks known as bushings. These bushings have a 
number of holes in their bottom face through which molten glass is gravity 
fed. The molten glass is then drawn or stretched into fine filaments. A 
predetermined number of these filaments are bundled together into a 
continuous strand.
The number of filaments per strand, generally around 200 is determined by 
the number of holes in the bushing. The temperature of the glass and the 
speed of drawing determines the diameter of the individual filaments, 
which is usually in the order of 8pm to 15\m.
Although glass filaments do have considerable tensile strengths in 
relation to their fine diameter, they are subject to damage by abrasion. 
To avoid this, on drawing, a binder or size is applied which binds the
- 9 -
filaments into a strand. For G.R.P, applications a silane or polyvinyl 
X  acetate size is generally applied. These are compatable with polyester 
resin and also act as coupling agents, giving a good fibre/resin bond.
Glass fibres for the use in the moulding industry are generally not 
supplied in the form of continuous strands. More usually strands are 
incorporated into rovings or various types of mats and fabrics, which are 
more easily handled during the fabrication of a composite. Chopped strand 
mat is probably the most important form of glass fibre reinforcement in 
present day use. This is manufactured from chopped strands, usually 50mm 
in length, bonded together by a resinous binder in a random 
two-dimensional manner. A composite manufactured using this would be 
termed isotropic.
A glass fibre roving is formed by the combination of a number of strands, 
untwisted, so as to form a thicker parallel bundle. Applications 
involving chopped strands will generally use rovings, chopped into short 
lengths just prior to their incorporation into the composite. Rovings 
also find use in the production of unidirectional composites.
Roving may be woven to form a coarse glass fabric. Such fabrics may 
contain different quantities of fibres in the two principal directions, 
the warp and weft (terms borrowed from the textile industry) which 
influences the anisotropy of mechanical properties of the resulting 
composites. This ranges from bidirectional reinforcement, balanced weaves 
containing equal number of warp and weft fibres, to unidirectional fabrics 
in which heavy warp fibres are held together by light, open spaced weft 
fibres.
Glass fibre reinforcement is also available in various knitted and woven 
fabrics and veils. An excellent summary of materials available is given 
by Stewart.
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2.2 G.R.P. in Construction
2.2.1 General
The use of G.R.P. in construction is now well established and a great many 
structural forms have been developed of both the load bearing and the 
cladding type. A common type of structural use is in the form of 
prefabricated repeatable basic units that can be assembled together to 
form an enclosure or roof system.
2.2.2 Advantages and disadvantages of structural plastics
y* The principle advantage of G.R.P. when put to structural use is its high 
strength to weight ratio. There do ecist in addition, other advantages 
and disadvantages arising from the nature of the material.
The material can be formed into almost any shape desired by virtue of the 
various manufacturing processes used to produce G.R.P. (as described in 
section 2.3). These can be stated generally to be the formation of 
prefabricated components using moulds of various descriptions. Many 
exciting geometric shapes can be produced which give the architect almost 
infinite design possibilities. Another factor that can be used to 
advantage to produce a pleasing effect in architecture, is the materials 
high light transmission.
The material's high resistance to corrosion and weathering mean that 
maintenance is often negligible. This is offset, however, by the possible 
ultra violet light degradation and low scratch resistance. These two 
factors can be improved upon, though, with suitable additives.
/I One unfortunate disadvantage of G.R.P. is its high cost compared with 
traditional building materials. This often rules out its use in 
structures apart from prestige cases. The material can be effectively 
combined with other materials however, notably glass and aluminium, and 
this has led to its relatively wider use as a material in cladding panels 
where it offers a viable solution.
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One use of G.R.P. has beoi in the form of sandwich construction, i.e. 
incorporating a foamed plastic between two skins of G.R.P. laminate, to 
produce a material with very low thermal conductivity producing a good 
insulator for situations where heat retention is an important factor. As 
G.R.P. is a light weight material, however, it has a low sound insulation 
property which can be a disadvantage in certain applications.
The one disadvantage that has probably caused the most concern is its 
apparent low fire resistance. The resins used in G.R.P. are organic and 
^  therefore are inherently combustable. The burning rate of these can be 
reduced, however, with suitable additives to produce material that can 
meet the British Standards concerned with structural fire precautions.
Flame retardance in unsaturated polyester resin is generally achieved 
through use of halogenated resin, incorporation of alumina trihydrate and 
the use of synergists such as antimony oxide and phosphates. Probably of 
more concern than the actual fire resistance properties of G.R.P. is, in 
fact, the smoke or toxic fume emission of the resins. The respective 
advantages of the various flame retarding systems for the reduction and 
elimination of these problems are under constant review, and the area is 
one of continuing research.
A significant disadvantage of using G.R.P. in construction is their 
relatively low stiffness. In structures where the G.R.P. laminate forms 
the enclosure as well as contributing substantially towards carrying the 
externally applied load, the lack of inherent stiffness in the material is 
compensated for by the configuration of the structure. Structures have 
been designed in the form of domes, shells and folded plates, i.e., shapes 
whose stiffness is high due to their particular geometry.
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2.2.3 Structural forms 
F2 11Hollaway * - has identified several types of such structures as being;
(i) Prismatic;
(ii) Pyramidal;
(iii) Prismoidal;
(iv) Composite folded plate;
(v) Shell structures; both singly and doubly curved.
Notable examples exist of all these principal forms of construction and
F2 11have been described in texts such as Holloway * and conference 
p r o c e e d i n g s y  In addition, examples of the use of non-load-bearing 
and semi-load-bearing cladding panels can be found in the manufacturers' 
literature.
Of particular interest to this current project is the pyramidal form. 
This type of construction is generally used in the form of basic pyramid 
units of various base geometries, that can be joined together to form a 
structure. The basic units may be used in the form of modular cladding, 
where they form the enclosure but rely on a support frame of steel to 
carry the load, or can be used as structural components themselves. #ien
acting as structural components, they can be used in conjunction with two
way skeletal grids to form a flat assanblage. Square, triangular or 
hexagonal based basic units could be used for this type of structure, 
which would be connected together at their bases, and at the apexes by the 
skeletal members. The skeletal members could be of steel, aluminium or 
unidirectional glass reinforced polyesters. In the latter case an all 
G.R.P. structure would be formed.
Alternatively the basic units can be connected together at the bases to 
form the completed structure with no other component necessary. Roof 
structures that are singly curved or "dome" like are suitable for this 
type of construction.
13 -
2.3 G.R.P. Manufacture
2.3.1 Open mould systems
C^en mould systems take advantage of the fact that heat and pressure are 
not necessary for complete polymerisation of a resin to occur. Open mould 
systems commonly used are described in sections 2.3.2 and 2.3.3.
For both of the techniques described, the quality of the finished product 
is dependant on the skill of the operator. Cure times are also 
comparatively long. A period of post cure is essential if the material is 
to have full structural and dimensional stability, which it only has in 
its fully cured state. G.R.P. produced by these methods is allowed to 
mature in the manufacturing shop, for say, 24 hours to develop 80-90% of 
its stability and is then subjected to a post cure period in an oven 
(greater than 40°C for a predetermined time). Full cure, is then checked 
by a surface hardness measurement.
2.3.2 Hand lay-up
Only one mould is used and it may be either a male or a female. A pattern
is first manufactured, this being a full size model of the finished
component, generally in timber. This is then used to make a mould which 
can itself be made from G.R.P,.
The actual hand lay-up process is a skilled operation and consists of the 
following stages.
r/
^ (i) Applying a release agait so that Üie product^separate^easily
r' from the mould.
(ii) Applying the gel coat. This provides a resin rich layer of
0.3 to 0.5mm and can be sprayed or rolled on. It is allowed
to gel and cure to the extent required to achieve an integral 
bond with the laminate applied subsequently.
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(iii) A liberal coating of resin is applied by brush followed by 
placing chopped strand mat in position. This is then rolled 
using a split washer roller to cause the resin to rise up 
through the mat until all air is eliminated. The mat binder 
dissolves in the resin and the mat can conform to the shape of 
the mould.
Glass fibre reinforcenent may also be in the form of woven fabric if extra 
strength is required in any particular direction. Subsequent layers of 
resin and reinforcement are applied until the required thickness of 
composite is reached.
The function of the gel coat in the finished composite is:
(i) to protect the glass fibre from external influences, 
principally moisture penetration which may cause breakdown of 
the interface bond.
(ii) to provide a smooth finish, reproducing precisely the surface 
texture of the mould.
This process is relatively simple and the tooling cost is low. The method 
has been employed to produce some very large mouldings but, because of its 
labour intensive nature, best suits low-volume production. At present the 
hand lay-up technique is the one most widely employed to manufacture 
G.R.P. structural units.
Units made by hand lay are usually formed using chopped strand mat of 
30-45% by weight. For design purposes the material is considered 
isotropic. If bidirectional rovings are used in place of C.S.M., a higher 
strength and stiffness could be achieved in the directions of the 
orientated fibres. The material is considered orthotropic for design 
purposes. Typical properties are given in table 2.2 along with 
comparisons to G.R.P. manufactured by other methods.
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G.R.P.
Material
Glass Content 
(% by weight)
Ultimate
TensileStength
(MN/m^)
Modulus of 
Elasticity 
in Tension
(GN/m^)
Specific
Gravity
Hand lay CSM 25-45 60-180 6-11 1.4-1,6
Hand lay with Woven Rovings 45-62 200-350 12-24 1.5-1.8
Unidirectional eg. Pultrusion 50-80 400-1250 20-50 1.6-2.0
Compression Moulding with 
Pre-form 25-50 60-200 6-12 1.5-1.7
Dough Moulding Compound 15-20 40-60 6—8 1.7-2.0
Sheet Moulding Compound 20-30 60-90 9-13 1.8-2.0
TABLE 2.2 Typical mechanical properties of Glass Reinforced Polyestercomposites.
2.3.3 Spray-up method
The spray up, or depositor technique, is another open mould method. This 
method enables an operator to spray catalysed resins from a gun which 
simultaneously chops glass rovings into short lengths. These constituents 
come together on the surface of the mould and then have to be rolled and
consolidated in a manner similar to that of the hand lay-up technique.
Considerable skill is required on the part of the operator if the
thickness of the composite is to be controlled and a consistent
glass/resin ratio maintained.
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2.3.4 Closed mould systems
There are a number of closed mould systems that can be used to manufacture 
G.R.P. components. Some of these methods have been used for structural 
applications. In closed mould methods, both sides of the laminate 
reproduce the mould surface and in general have smooth surfaces. Closed 
mould processes that have been us©3 to produce structural components 
generally have employed cold cure resins and at best can be described as 
seni-mechanical. Mould preparation in the form of gel coat application 
and reinforcenent placing is required. Closed mould systems are described 
in section 2.3.5 to 2.3.9 .
2.3.5 Cold press moulding
In this process, matched, generally non-metallic moulds are clamped9together to provide a low pressure, typically 100 kN/m". This pressure
provides the means of impregnating the pre-cut reinforcenent with a cold
cure resin, which is simply poured in before mould closure. Quite sizable
semi-structural components have been reported, manufactured by this 
F2 121method. ' • Only low-volume production is practical.
2.3.6 Vacuum forming
In this method, after the lay-up of the fibre reinforcement, the mould is
closed and the air evacuated. A cold cure resin is then either injected
into the mould or drawn in from a reservoir. An hydraulic clamping system
allows low pressure to be applied throughout the process and facilitates F2 131mould opening. An example of the use of this method in a large
construction project has been given in reference 2.12. The method is nrast 
suitable for medium-volume production.
2.3.7 Resin injection
In this metliod, pre-prepared matched moulds in which the reinforcement has
been lay«3 are clamped together. This is followed by the injection under
pressure of a cold cure resin into the mould cavity. A pressure of 2400kN/m is usually sufficient to ensure impregnation of the fibre
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nreinforcement. Resin injection techniques, under the name of Resin 
Transfer Moulding have recently become more popular for G.R.P. components 
in the automotive industry. An excellent description of the method has 
been given by Bernadini.^^'^^^ This process may prove promising for the 
construction industry and is suitable for low to medium volume of 
production.
2.3.8 Pultrusion
The pultrusion technique is one where resin impregnated glass fibre in the 
form of roving or mat is continuously pulled through a heated metal die 
within which full curing takes place. Impregnation of the fibre may be by 
injection into the die or by dipping into a resin bath. The pulling
mechanism may be hand-over-hand or caterpillar type. Continuous lengths
of G.R.P. are produced by this method, which may be of almost any desired 
cross section including round and square tube, solid rod, sheet, angles,
tees and channels, Reinforcement is generally aligned
longitudinally to give excellent unidirectional properties. Recently, 
methods of improving shear and torsional properties in pultruded sections 
have been reported by the use of woven preforms.
The system generally requires a highly reactive polyester resin with a 
very short gel to cure time and a low or controllable exotherm to prevent 
cracking in heavier sections. High percentages of reinforcement can be 
used, in the order of 80% by weight for solid sections. Excellent 
descriptions of the technique have been provided in the literature, for 
example, Shaw S t e w a r t a n d  Nepasicky et
The value of pultruded members when incorporated into skeletal/continuumf2 1 oistructures has been demonstrated by Ishakian.
The pultrusion technique, being the moulding industries only truly 
continuous process, is suitable for medium to high volume of production.
k i.A
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2.3.9 Hot press or compression moulding
Hot press moulding techniques have not been used to manufacture structural 
components for use in the construction industry. Although materials 
produced by hot press moulding methods do exhibit promising mechanical and 
physical properties, their manufacture requires enormous capital 
investment in moulding equipment. Very high volume of production is 
therefore required to justify initial capital outlay, and this has 
mitigated against their introduction into the construction industry, where 
generally only low volume of production is required.
Hot press or compression moulding is carried out in heated matched metal 
moulds at relatively high pressures. Generally temperatures up to 160°Cpmay be employed with pressures in the order of 6.9MN/mm (1000 psi), The 
moulds themselves are machined from steel to high degrees of accuracy and 
usually chromium plated. Very high tonnage pressing equipment, up to 
around 150 tons are required if sizable components are to be manufactured.
In hot press moulding, the high pressures are onployed to flow and compact 
the material placed in the mould, whilst the high temperatures are used to 
initiate the cure of the resin system. The pressure is generally applied 
throughout the curing cycle and clearly this will effect the k^^netics of 
cure.
2.3.9.1 Wet resin process
In this process, liquid resin is simply poured into the mould in which has 
been placed the glass fibre reinforcement. Simple moulds may just require 
the laying of a fibre mat such as chopped strand mat, through which the 
resin will flow to form the composite. More complex mouldings may require 
the manufacture of a pre-form; glass held by a resinous binder that fits 
the punch side of the mould like a glove. This pre-form is manufactured 
by spraying or dropping glass fibres and binder onto a metal screen that 
has the identical shape to the punch. A high suction fan holds the fibre 
in place until the binder is cured. 12.20]
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2.3.9.2 Dough Moulding Compound
Dough or Bulk moulding compound is a mixture of polyester resin, filler 
and glass fibre along with minor quantities of catalyst, mould release 
agent etc. These ingredients are mixed in a high shear Z-blade mixer to 
form a sticky dough, suitable for handling at the press. Measured 
quantities of the dough are inserted into tlie press and then, under 
pressure, the material flows to fill the mould cavity.
Glass fibres are short, generally between 6mm to. 12mm and are used at 
fairly low loadings of 15% to 25%. This, along with evidence of 
considerable amount orientation of fibres leading to mechanical
property variations Ï probably rules D.M.C, out as a true structural
material.
2.3.9.3 Sheet Moulding Compound
This is a combination of chopped glass fibres and filled resin in sheet
form generally of a few millimetres thickness. The resin matrix is
chemically thickened so that it achieves a very high viscosity prior to
moulding and yields a stiff, easy to handle sheet. Glass reinforced
polyester manufactured from Sheet Moulding Compound (S.M.C.) is2 2compression moulded at pressures of around 5.5MN/mm to 6.9MN/mm and at 
temperatures of 140°C. The chemical thickening reaction of the compounded 
sheet gives a material with distinctive moulding properties.
At the press, the sheet is cut into a predetermined shape which is termed 
the "charge" and may consist of several layers. During moulding, the 
applied pressure is sufficient to deform the charge so that it flows to 
fill the mould, and then cure is initiated on the decomposition of a high 
temperature catalyst. Cure time is in the order 5 minutes for a 5mm thick 
component.
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In the literature, the name S.M.C. is used to denote both tlie compounded 
sheet and the final finished G.R.P. component. This convention will be 
maintained throughout this present report. S.M.C. is a material that 
shows particular promise as a true structural material. As this material 
is of particular interest to this current project, its attributes will be 
discussed in detail in section 2.4 ,
2.3,9.4 Thick Moulding Compound
A S.M.C. like moulding compound has been reported in the literature which
is produced in thicker "slabs" rather than s h e e t s . T h e  sheet2 2density of this compound is generally 19kg/m to 39kg/m as compared to 2 24.9kg/m to 6.Ikg/m for S.M.C.. Charge preparation is therefore likely 
to be simpler, eliminating the need for several layers. The 
three-dimensional glass orientation in the slab charge gives a similarity 
with dough moulding compound that may be an advantage in certain moulding 
conditions. Some applications of T.M.C. have been reported 
this compound has not enjoyed such widespread use as S.M.C. or D.M.C..
2.3.10 Other techniques
Other techniques of producing G.R.P., both open and closed mould, do 
exist. One method of note is filament winding, where resin impregnated 
glass roving is wound onto a rotating mandrel to produce composites of 
considerable strength and s t i f f n e s s . I t  should also be noted that 
D.M.C. is also mouldable by both transfer and injection methods, although 
here the material suffers from considerable flow alignment of fibres 
because of entry into the mould through a narrow "gate". For a 
description of these latter methods see reference 2.26
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2.4 Sheet Moulding Compound (S.M.C.)
2.4.1 Formulation of resin paste
A standard formulation for S.M.C. includes in its matrix phase, 
particulate fillers, a low shrink additive, an internal release agent and 
a high tenperature catalyst, in addition to the unsaturated polyester in 
styrene solvent. These raw materials are mixed, generally in batches, in 
a high speed blade mixer.
A final constituent added at the mixing stage is a small quantity of an 
alkaline earth oxide or hydroxide which acts as a chemical thickener for 
the S.M.C. paste. After a period of maturation, the thickening reaction 
increases the viscosity of the paste to give a nearly dry tack free sheet. 
It is this reaction that gives S.M.C. its distinctive qualities as a hot 
press moulding material. A typical formulation of S.M.C. paste is given 
in table 2.3 .
2.4.2 Compounding of S.M.C.
At the compounding stage, the resin paste is combined with chopped glass 
fibres in a continuous process on a specially constructed compounding 
machine.
The paste is poured into reservoirs and then smeared onto continuous 
carrier films of polyethylene sheet carried on moving belts. The amount 
of paste dispensed to the carrier film is controlled by means of a gap 
under a doctor blade.
Glass fibres in the form of strands chopped from rovings, fall onto the 
lower carrier film in a random manner before becoming sandwiched between 
the two films. The process is illustrated in figure 2.1. When formed, 
the sheet is compressed between compacting rollers to thoroughly wet out 
the fibres. The surface profiles of the compacting rollers are specially 
shaped and the pressure on each pair of rollers carefully controlled to 
achieve optimum results. The finished SMC sheet is then folded or rolled 
up ready for storage in a maturation roan. Sheet width is typically 900mm.
- 22
Clearly the glass to resin paste percentage d^ends on the doctor blade 
setting and speed of deposition of the fibres for any fixed belt speed. 
Recommendations on practical aspects of the compounding of S.M.C. have 
been given in the literature. [2.28]
Component Composition
Unsaturated Polyester Resin in Styrene Monomer 25 - 40% by weight
Catalyst 1 - 2  pphr
Low Shrink Additive 
(in Syrup)
Up to 50 pph syrup 
(up to 40% solids)
Particulate Fillers 45 - 65% by weight
Pigment (in vdiicle resin) Up to 5% of dispersion (up to 30% solids)
Release Agent 0.5 - 2.0% by weight
Thickening Agent 1 - 3  pphr
Glass Fibre Reinforcenent 20 - 35% by weight
TABLE 2.3 Typical formulation range for standard S.M.C,
2.4.3 Particulate filler
The primary function of the filler in a S.M.C. paste is one of an extender 
to reduce the cost of the matrix phase. However, in the finished product, 
the filler does tend to add to the dimensional stability of the moulded 
component.
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The standard filler used for this purpose is calcium carbonate, generally 
formed from ground limestone. Filler loading is generally as high as 
tolerable in the formulation of the paste. Typically filler to resin 
ratios of 1.5 to 1 will be used at 30% by weight of glass fibre 
reinforcement, 0.5 to 1 at 50% glass fibre, with no filler at all 
recommended for a 65% glass formulation.
Particle size of the calcium carbonate particles may vary from 2 microns 
up to 25 microns in diameter, with a particle size distribution being 
specially selected for optimum moulding performance. [^'29]
2.4.4 Low shrink or low profile additive
Low shrink additives to polyester resin for low profile application have 
been of considerable importance in producing S.M.C. components with the 
required surface smoothness and dimensional stability.
All polyester resins shrink on polymerisation, and this along with thermal
shrinkage could produce unacceptable dimensioned changes as well as
warping in a S.M.C. part. With the advent of the low shrink formulation,
however, the polymerisation shrinkage can be controlled to within theF2 301order of 0.0005 n^metre. * This shrinkage control is achieved by the
addition of a thermoplastic phase into the resin, whose expansion effect
counters the polymerisation shrinkage of the polyester phase. For the
thermoplastics to function optimally as shrinkage control agents, they
must become chemically incompatable with the crosslinked polyester
structure. The mechanism by which this is achieved is complex and
involves many stages. The definitive physical model of the process hasT2 311been given by Atkins et al.
The advantages of the low profile formulation are minimum surface waviness 
and reduction of surface defects in addition to the shrinkage and warpage 
control. This gives moulded components with a surface ready for painting, 
the "class 'A'" surface particularly important in the automotive industry.
Development in this area of S.M.C. moulding technology has been continuous 
over the years. From the early polyethylene additives, through acrylic
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based additives, the industry has advanced to specially engineered
poly(vinyl acetate) and polycaprolactone shrinkage control agents. These
developments have lead to the achievement of smoother composites at
\2 321increasingly thinner gauges.
2.4.5 Internal release agent
At the time of mixing, a metal stearate is added to the resin paste to act 
as a release agent once moulding has taken place. A common internal 
release agent is zinc stearate.
The mechanism by which zinc stearate provides release was thought to be 
via a change in solubility of thin additives between uncured polyester and 
the final copolymer matrix, causing the zinc stearate to become 
incompa table at the surface of the polyester. Thus a molecular layer of 
zinc stearate would be formed between the metal mould surface and the 
conponent, affecting easy removal of the component from the mould.
\2 331A recent study by Fletcher,’ however, using scanning electron 
microscopy concludes that there is no significant migration of zinc 
stearate to the surface, and that it is present throughout the cured 
polyester matrix. The precise mechanism by which zinc stearate acts as an 
effective release agent, therefore, is not well understood.
2.4.6 Catalyst
The copolymerisation of the unsaturated polyester with the styrene monomer 
in S.M.C. is achieved, as in other manufacturing methods, by a 
free-radical mechanism. The initiating free-radicals are generated by 
heating a peroxide catalyst to decomposition. T-butyl perbenzoate is a 
widely used peroxide in S.M.C. moulding and is suitable in the temperature 
range 135°C to 165°C.
2.4.7 Chemical thickening of S.M.C. paste
The thickening reaction in S.M.C. paste is generally brought about by the 
addition of small quantities of an alkaline earth oxide or hydroxide.
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typically magnesium oxide. Over a period of time, the viscosity of the 
paste increases from an initial fluid, to a nearly dry, tack free state 
giving a stiff S.M.C. sheet which is easy to handle at the press.
Chemical thickening of the paste involves the interaction of the terminal 
carboxyl groups on the polyester resin chains with the magnesium oxide to 
increase the molecular weight and hence build the viscosity of the 
uncrosslinked resin. The overall chemical reaction is complex and still 
not fully understood. A large contribution to the understanding of this 
phenomenom has been made by Burns, et al.' " - ' * •
At the beginning of the compounding stage, the viscosity of the thickened 
S.M.C. paste is in the order of 200-500 poise. During compounding the 
thickening reaction increases the viscosity, but this must not rise to a 
point where wet-out of fibres would be affected. This factor limits the 
size of batches of paste that can be mixed. The viscosity can rise to 
around 5000 poise in about 15 minutes and it is necessary to monitor the 
viscosity throughout the compounding stage. In the moulding industry, 
monitoring of viscosity of S.M.C. paste is generally carried out using a 
Brookfield viscometer. Some practical guidance on the use of this device 
for monitoring S.M.C. thickening is given in an appendix to reference 
2.30.
In general, the rate of thickening and final thickened viscosity depend 
upon the amount of thickening agent added. The reaction is affected, 
however, by the otlier constituents of the paste and the mixing conditions. 
Uncontrolled amounts of water have been pointed out to have a considerable 
effect on the thickening r e a c t i o n . T e m p e r a t u r e  and humidity must be 
controlled to obtain a consistent thickening rate.
Recently, an alternative urethane thickening process has been reported in 
the literature. This involves the reaction of a poly isocyanate with a 
polyol incorporated in the styrenated polyester resin. This thickens 
mechanically by the formation of a polyurethane network causing polymer 
chain entanglement. This process is more commonly used in the thickeningrp 371of S.M.C. based on vinyl ester resin.'’"'
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2.4.8 Maturation
After compounding, the S.M.C. sheet is rolled or folded and then stored in 
a maturation room at a temperature of 30°C to 35^C. The thickening 
reaction is then allowed to proceed until moulding viscosity is reached. 
It is in the nature of the thickening reaction that, after a short period 
of rapid increase in viscosity, the thickening rate slows to give 
practically a flat plateau when viscosity is plotted against time. This 
plateau viscosity is controlled by the amount of thickening agent present, 
but can be affected by other ingredients in the formulation.
The purpose of the maturation period is to allow the compound to obtain 
sufficient viscosity to ensure that glass fibres are carried to the 
extremities of the mould. Low viscosity compounds can result in resin 
washing and poor carry of reinforcement, particularly in large parts.
Moulding viscosity is typically between 0.1 million poise and 0.6 million
poise depending on the application. The time to reach this viscosity may
take from one day to a week depending on the formulation. Modern
techniques and additives can generally produce a S.M.C. controlled to a
selected plateau viscosity that is stable for an extended period, in the
Î2 331order of several weeks. " The compound remains suitable for moulding 
whilst the viscosity ronains in this "moulding window". The shelf life of 
the compound is finite, however, and ageing accompanied by styrene loss 
results in unmouldable viscosities.
To monitor the progress of the thickening reaction during the maturation 
period, the industry generally uses tests on retain samples of paste at 
room temperature. The Brookfield viscometer can be used for this purpose 
or, when the paste becomes very stiff, penetrometer readings may be
used.‘2-391
2.4,9 Pigmentation
Pigment additives can be used in S.M.C. to achieve numerous colours and 
shades. This can be a considerable advantage from an aesthetic point of
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view. However, because of the complex interactions between the many 
constituents of S.M.C., formulations must be properly balanced to achieve 
the desired low profile and pigmented performance. ^ 2-40]
2.4,10 Glass fibres
At the compounding stage, glass fibre strands chopped from rovings are 
randomly orientated within the plane of the sheet. Generally upon moulding 
of the S.M.C., an isotropic composite can be formed from this material 
providing that minimum mould flow is onployed.
The glass fibre reinforcement in S.M.C. is generally E glass, and a fibre 
length of 25mm is commonly used. Fibre loading is in the region of 20% to 
30% by weight for a general purpose S.M.C. but can be up to 80% by weight 
for specific applications.
Increasing the fibre length generally leads to a composite with improved 
mechanical properties for the same fibre loading. Das et a%[2.42] 
shown tliat flecural and tensile properties increase for fibre lengths up 
to 50mm, This corresponds to the "critical" fibre length ie. the lengthT2 nnecessary to ensure maximum stress development in the fibres. *• *  ^ There 
is some evidence for the degradation of long fibres, however, possibly 
resulting from damage during mould flow, and Ehnert^^'^^^ shows a 
decreasing flexural strength when using a 75mm fibre length.
Burns and Pennington have demonstrated that mechanical properties may be 
affected by the "bundle tex" ie. the linear density of the strand which is 
determined by the number of individual filaments bundled together to form 
the strand. Tensile strength has an inverse relationship to bundle
tex but this is also a function of the size type used to bind the strand. 
The effect of size type will be discussed further in section 2.4.11. The 
same authors conclude that individual filament diameter has little effect 
on the mechanical properties and estimate that, contrary to the authors 
cited above, strand length also has little effect above the standard 25mm. 
The use of shorter fibres is therefore advocated because of tlie advantage 
this offers in the more certain penetration of glass fibres into 
restricted areas of a mould, such as ribs, which longer fibres may bridge.
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2.4.11 Glass fibre size or binder
There has been discussion in the literature on the relative merits of the 
two distinct types of size or binder that is applied to glass fibres at 
the time of manufacture, when incorporated into polyester moulding 
compounds. Either glass fibres with a high integrity size may be used, in 
which case the chopped fibre strands ronain distinct after moulding, or 
low integrity size may be us@3 in which a high degree of filamentation of 
the strands occurs. These are often referred to as "hard" glass fibres 
and "soft" glass fibres respectively, or has having insoluble or soluble 
sizes.
When considering this option of glass fibre size type. Seamark 1^ 2.45] 
stated that soluble size gives good glass fibre wet out, excellent flow 
characteristics and very good surface finish to S.M.C.. This author does 
refer, however, to S.M.C. manufactured on early, mat machines. Tensile 
and flexural strength are also likely to be higher for S.M.C. manufactured 
with soft glass fibre, although hard glass gives better impact strengths.
Hard glass fibre strands chopped from rovings give the best processing at 
the compounding stage. Espenshade and Lowry have pointed out the
ease in which this type of reinforcement can be chopped into short 
strands. Soft glass tends to clog the cutting blade of the chopper unit 
and is very fluffy, a characteristic which, according to the latter 
authors makes the reinforcenent more difficult to wet out. Glass fibres 
with insoluble size can have one disadvantage, however, in that strands 
may show up as discolouration at the surface of the finished component.
The improved flow characteristics in terms of distribution of glass fibres 
when employing soft glass has been used to advantage in S.M.C. of very 
high fibre l o a d i n g s a n d  for very low paste viscosity 
formulations. However, once a high degree of filamentation has
taken place, yielding glass filaments of very high aspect ratio, these are 
more liable to suffer from orientation effects of flow in the mould. 
There is theoretical evidence for this effect from work by Calow and 
Wakelin on the alignment of whiskers in metallic materials. ^ 2.48]
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addition, Burns and Gandhi have denonstrated this effect in practicero 491during their work with polyester D.M.C..
The improvement in tensile strength obtained when using glass fibre with 
soluble size has been demonstrated by Burns and Pennington. 
However, it is noticeable that S.M.C. based on this glass fibre type does 
exhibit brittle type failure. This is in contrast to hard glass fibre 
S.M.C. which exhibits a distinct yield or "knee" point in its 
stress-strain relationship; this is a ductile type of behaviour. Soft 
glass fibre S.M.C. has been noted by several authors to have lower impact 
resistance.
Based upon this evidence, S.M.C. incorporating high integrity size glass 
fibres is preferable for use in construction. In the large components 
required, excessive orientation of fibres is more likely to be a problem 
with low integrity size fibres. During mould flow it is also possible 
that the fragile individual filaments would be more liable to damage by 
abrasion.
The brittle nature of S.M.C. produced with soft glass fibres is also 
undesirable, and does not fit well with current design philosophy. More 
ductile materials are usually preferred in construction to produce less 
risk of sudden catastrophic failures. The use of high integrity size, in 
^  I which the glass fibre strand renains distinct after manufacture, produces 
a composite material whose micro-mechanical properties are more similar to 
those of composites in present day use in the construction industry.
2.4.12 Moulding
Moulding of S.M.C. is carried out in heated matched chromium plated steel2 2tools. Pressures around 5.5MN/m to 6.9MN/m and tenperatures in the 
region of 140°C to 165°C are commonly used.
During moulding, the two portions of the mould are brought together, at 
first rapidly and then, as they approach and before the moulding material 
is contacted, a slow close of 0.5cm to 1.0cm per minute is onployed. The 
material once contacted, b^ins to flow under the applied pressure, and
0
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air is expelled from the mould through a shear gap or cut off (figure
2.2). The charge is compressed to its final shape within a matter of
seconds, and the shear gap is sealed by resin, already at gelation, which 
causes a small amount of flash on the finished component.
S.M.C. is normally moulded fully positive so that the full ram pressure is 
applied over the plan area of the moLld for the duration of the moulding
cycle. Ihe high pressures applied tend to give better mechanical
properties and improved surface appearance to the finished component.
The distinctive response of S.M.C. to moulding conditions has been 
identified by Wilkinson as having three contributory factors,
(i) The composition and theological properties of the moulding 
compound. These have been the subject of numerous studies and 
are discussed in section 2.4.17.
(ii) The geometry of the mould and the stresses which are applied 
to cause flow. These will influence the choice of and be 
determined by the charge shape.
(ii) The heat transfer and its effect on flow behaviour and the
kenetics of cure.
Generally, when moulding, very little mould preparation is required, apart 
from blowing away any accumulated flash ddoris with a compressed air line. 
Release of components, by virtue of their internal release agent, is
normally excellent.
2.4.13 Charge shape
At the press, the desired shape of charge is cut from the S.M.C. sheet and 
the carrier film stripped off. The S.M.C. has a "plastic" like consistency 
at this stage. Several layers or plies of S.M.C. may be used to form the 
complete charge. Generally, 60% to 65% of the mould surface area is 
covered by the charge, with sufficient material being used to obtain the
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required thickness of component. Although S.M.C. sheet density is fairly 
consistent, a final check on the weight of the charge is usually carried 
out.
Several authors have pointed out that the charge shape selected for 
loading into the mould is of paramount importance to the quality of the 
finished c o m p o n e n t . I t  has been established that the 
choice of charge shape can be responsible for catastrophic material faults 
such as "weld" or "flow" lines caused by converging flows, in addition to 
material property variations due to flow induced fibre orientation.
Exactly what constitutes an acceptable charge for any particular mould is 
often difficult to establish. Generally, in any mould other than the most 
simple, a trial and error method must be employed. Some guidance is 
available in the literature, however, on the avoidance of unsatisfactory 
features for the charge such as piecemeal charges and staggered 
p l i e s , a n d  overlapping plies.
2.4.14 Heat transfer and cure
The S.M.C. placed in the mould is usually at ambient temperature. 
Immediately after flow has taken place, it is considered that the majority 
of the material will remain at or near the charging temperature, since the 
thermal coixiuctivity of the material is relatively low. An exception to 
tliis is the material that is originally iimedlately adjacent to the hot 
mould surface. This heats quickly and has been observed to act as a 
lubricant for the rest of the charge and has a tendency to flow to the 
extremities of the m o u l d , S u b s e q u e n t l y  the compound is heated by 
heat transfer from the mould surface until cure is initiated. This cure 
reaction is exothermic and may take place differentially across the mould 
which further complicates the temperature distribution within the 
material.
The exothermic reaction is primarily àue to the propagation reaction of 
the free-radical cross-linking of the reactive diluent (styrene monomer) 
and the unsaturated polyester. The curing of low-profile isophthalic
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polyester that is generally used is highly exothermic due to the high 
concentration of double bonds present.
Possible parameters affecting the curing characteristics have been 
identified by K u b o t a . T h e s e  are;
(i) the concentration of reactive diluent, which affects both the
rate and final degree of cure,
(ii) the application of relatively high pressure during cure, which 
is thermodynamically favourable to the polymerisation reaction 
and hence tends to increase the rate of cure,
(iii) the presence of a thermoplastic as a low profile agent which
tends to decrease both rate and final degree of cure,
(iv) the presence of large amounts of filler and fibres, which
decreases the degree of cure,
and (v) the fact that the resin is chemically thickened may have an
effect on the cure.
Full cure of a component is in the order of a few minutes. For steel 
tools, Panter^^'^^^ has given cure time for a 2.5mm plate as 2 minutes, 
with a 20imi plate requiring 6 minutes for a moulding temperature of 140°C. 
These can be reduced in general by raising the temperature of the mould or 
a strategy of pre-heating the charge may be useful especially for thick 
components.
2.4.15 Quality control
The quality of S.M.C. components can only be maintained by constant
control over many different parameters. These controls fall broadly into
four categories, which were established fairly early in the development of [2-391commercial S.M.C..
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Control is required in the areas of;
(i) Incoming raw materials;
(ii) Resin mixing;
(iii) Sheet compounding;
and (iv) Moulding .
Clearly, variations in the major ingredients of the S.M.C. paste, namely 
the resin and the filler, may have an important effect on the finished 
product. A series of tests to establish and control the characteristics of 
these raw materials are generally carried out.
The resin component is tested for;
(i) Polyester to monomer ratio;
(ii) Viscosity;
(iii) Gel time;
(iv) Acid and hydroxyl value;
(v) Water content;
(vi) Impurities;
(vii) Catalysed stability;
and (viii) Thickening characteristics.
The filler to be used in the S.M.C. formulation may be tested for;
(i) Chanical composition;
(ii) Particle size and distribution;
(iii) Oil absorbtion characteristics;
and (iv) Moisture Content.
In addition, it is often important to establish the effect of the various 
raw materials on each other. For example, the thickening reaction may be 
affected by the quantity and type of filler, shrinkage control additive 
and the internal release agent.
At the mixing stage, it is clearly important that the correct weight of 
each ingredient is added to the paste, and controls will be required.
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Mixing of these ingredients in high speed blade mixers tends to increase 
the temperature of the paste and this needs to be monitored before the 
addition of the thickening agait, since variation in temperature will 
effect the thickening rate. It is also essential to know the total 
moisture content of the paste, because of the dramatic effect tliis has on 
thickening behaviour. Lack of thickening control can lead to poor glass 
wet-out at the compounding stage.
For the compounding stage, Ross^^'^^^ has identified three variables as 
the most significant factors for the control of S.M.C. quality.
(i) Weight per unit area. This is essential if, once the charge 
shape has been established, make-up pieces are to be avoided.
(ii) Glass content, which clearly has an important effect on the 
mechanical properties of the finished part.
(iii) Paste thickening rate.
Denton^^'^^^ also gives fibre orientation induced at the compounding stage 
as an important factor in the quality of S.M.C. It has been noted that 
directional bias of the fibres falling onto the lower carrier film may be 
either transverse or parallel to the compounding direction, depending on 
the relative speeds of the belt and chopper.
Another cause of this orientation could be the action of the compacting 
rollers, and one of the functions of the Parallel Cylinder Shear Rheometer 
developed by Thomas is to measure this e f f e c t . H o w e v e r ,  this device 
has been criticised in the literature as having a number of 
shortcomings, but the phenomenom may also be checked for by the
tensile testing of minimum flow mouldings from a simple tool. Cross 
plying of S.M.C. charges is recommended once this defect has been 
discovered.
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There are numerous moulding related variables that potentially have a 
significant effect on the quality of finished components. These include?
(i) S.M.C. paste viscosity?
(ii) Mould temperature?
(iii) Mould closure rate?
(iv) Cure pressure?
(v) Catalyst?
(vi) Mould release concentration?
(vii) Cooling rate?
and (viii) Charge shape and placement.
rn 5'31Denton * has concluded, however, that the majority of these variables 
have only a minor effect on the mechanical properties of finished S.M.C. 
By far the most important effect on the mechanical properties is the flow 
induced orientations related to charge shape and placement. Part to part 
reproductivity is highly dependant on this factor. ’
2.4.16 Mechanical property variation of S.M.C,
S.M.C. with randomly arranged glass fibre reinforcement, does show
promising mechanical properties for its use as a structural material.2Tensile strengths, for example, have been reported as up to 90MN/mm for230% reinforcement by weight, increasing to 230MN/mm for 70% 
reinforcement.
The mechanical properties of finished components, however, suffer from a
great deal of variability. In a study of the possible sources of
\2 511mechanical property variation. Smith and Jutte"- * concluded that this 
could be mostly attributed to the flow of the S.M.C. within the mould. In 
this work, consistently high values for mechanical properties were 
measured parallel to the direction of flow in simple components with 
predictable flow patterns. This supported the existance of a high degree 
of reinforcement orientation in the direction of flow.
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This picture of the principle cause of S.M.C. mechanical property 
variation has largely been accepted in the moulding industry, and loss of 
strength by up to 60% from a mean value is not uncommon. The picture is 
further complicated by localised phenomena at the shear edges, mould 
intricacies such as ribs and bosses, and flow front impingement. This 
latter phenomenom, often called "weld" or "flow" lines, can cause 80% loss 
of strength in S.M.C. parts.
In general, compensation for the possible occurence of fibre orientation 
and flaws in a component leads to overdesign to ensure minimum mechanical 
properties. This makes them more weighty and costly than would otherwise 
be necessary.
The biggest single factor affecting flow defects in S.M.C, is the choice 
of charge shape as discussed in section 2.4.13. However, the manner in 
which the charge flows to fill the mould cavity will be governed by the 
rheological properties of the S.M.C.. Whilst, in general, weld lines can 
be eliminated by a qualitative appreciation of mould flow, the prediction 
of an ideal charge to eliminate fibre orientation is more difficult. This 
has lead to attempts to quantify the flow behaviour of S.M.C, in the mould 
in terms of its rheological properties.
2.4.17 Rheology of S.M.C.
For many simple fluids, the study of rheology involves simply the 
measurement of viscosity. However, polymeric fluids, into which category 
thickened S.M.C. can be placed, exhibit elastic properties as well as 
complex shear viscosity (non-Newtonian) . Futhermore, S.M.C. is a 
reinforced material, the fibre content of which can be considered to 
modify both the viscous and elastic behaviour.
The visco-elastic nature of S.M.C, at elevated temperatures has been 
established by Myers and Maxel.^^'^^^'^^"^^^ With a device known as a 
mechanical spectrometer, these authors have been able to isolate and 
quantify the two parameters of elastic shear modulus and viscous shear 
modulus for uncured S.M.C.. This instrument is a forced torsion 
oscillating parallel plate rheometer in which a sinusoidal deformation of
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controlled amplitude and frequency is applied to the sample. The input 
stress wave is altered as it passes through the sample depending on the 
visco-elastic state of the material. The measurement of the phase angle 
drift between stress and strain allows the determination of the two 
moduli.
Both S.M.C. paste and sheet have been investigated, and the behaviour of 
the paste alone was found to differ from that of the sheet. This 
emphasises the limitations of predicting rheological properties solely on 
paste data. In general, uncured S.M.C, sheet must be considered an 
anisotropic composite lamina, the matrix of which is visco-elastic rather 
than simply elastic. The response of the material is both frequency and 
temperature dependent. Although tlie test procedure essentially predicts a 
complex dynamic viscous behaviour, this does have an association with the 
behaviour of the material under steady shear.
In similar work by Gruskiewicz and Collester, changes in
visco-elastic response were monitored throughout the thickening reaction, 
and the effects of differing amounts of thickener were assessed at room 
temperature on thickened pastes. It was found that the changes in the 
visco-elastic properties during thickening verify the theories regarding 
the mechanism of thickening by molecular weight increase. It was 
dononstrated that the nature of the thickening reaction makes possible a 
wide range of visco-elastic responses from the same basic resin.
The visco-elastic nature of the S.M.C. paste itself, indicates that the 
use of Brookfield viscometer readings on retain cans of paste are 
inadequate as a means of interpretting S.M.C. rheology. Other measurements 
are commonly carried out using conventional rheometers, such as capillary 
tube, cone and plate instruments, or the Parallel Cylinder Shear
Rheometer introduced by T h o m a s . I n  addition, flow test on S.M.C, in 
spiral or serpentine moulds may be employed. Whilst these tests are 
adequate to monitor S.M.C. thickening and to determine mouldability of the 
sheet, as data for predicting the flow of S.M.C. in the mould, they are 
difficult to interpret.
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Silva-Nieto et ^ave emphasised the need for rheological
measuronents which describe material characteristics under flow conditions 
that are directly relevant to the actual moulding process. They have 
proposed the use of a parallel plate plastometer, in which compressive 
force against time is monitored for squeeze flow between parallel plates, 
as a good foundation for theoretical and experimental analysis of the 
rheological bdiaviour of S.M.C.. Using this device, an understanding of 
S.M.C. rheology at room temperature and moulding temperature (160^C) has 
been established. The above authors have shown how moulding force, 
closure speed, S.M.C. tonperature, gel time and cure time are 
inter-related during compression moulding.
2.4.18 Mould flow studies
Investigations have been reported in the literature that attempt to give a 
physical description of the flow of S.M.C, in the mould. Experimental 
observations of moulding parameters have often been used as supporting 
evidence for the mould flow model.
The definitive study of this kind has been reported by Marker and 
Ford.^^’^^^ The flow of S.M.C. has been described as a squeeze flow in 
which a hot, low viscosity surface layer acts as a lubricant and in which 
the cooler central portion of the charge undergoes an equal biaxial 
extensional deformation. The hotter surface layers flow to the periphery 
of the mould and tend to be the first material to reach gelation. This 
behaviour can be illustrated by the use of charges built up of varying 
colour plies of S.M.C..
To support this picture of mould flow and cure, the above authors uso3 an 
instrumentas disc mould. The instruments used were piezoelectric pressure 
transducers, copper-constantan tliermocouples and displacanent transducers 
to measure platen separation. In fully positive moulding, cure of S.M.C. 
is always accompanied by a decrease in platen separation. This provides a 
means by which time to cure can be monitored. By virtue of the exothermic 
reaction involved this can also be monitored by the use of thermocouples 
placed at the mould surface. Local curing caused by the variation in
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tenperature across the mould, tends to lead to local variation in pressure 
which can be monitored using pressure transducers.
When an S.M.C. charge deforms to fill the mould cavity there are two types 
of flow; a shear flow of the hot surface layers and an extensional flow of 
the inner layers. Generally there is much less resistance to shear flow, 
and this accounts for the flow of the hotter material to the extrunities 
of the mould. As denonstrated by W i l k i n s o n , t h e  elongational 
viscosity can easily be 10 to 10000 times greater than shear viscosity in 
highly visco-elastic materials.
This work |as been extended by Silva-Nieto et by measuring the
same moulding parameters in flat plate moulds of various configurations. 
Here, however, the experimental readings were used to verify a theoretical 
treatment for calculating the ideal charge configuration for a mould. 
Essentially, the method involves the calculation of the flow front during 
moulding, working backwards from the instant before mould closure using 
the relationship between flow velocity and pressure gradients. In this 
way the required charge is arrived at which covers the desired percentage 
of the mould. For this theoretical treatment, simplifying assumptions were 
made eg. Newtonian fluid. The above authors were able to show, however, 
that the charge shape calculated for simple flat plate moulds produced 
moulding free of weld lines for charges covering 70% of the plan area of 
the mould.
A similar theoretical technique has been reported by Menges and 
Derek. A more rigorous treatment was used, where viscosity was
assumed to depend upon temperature and shear rate, but charge shape 
predictions were once again only attenpted for simple flat plate moulds.
From their work with the parallel plate plastometer already cited, 
Silva-Nieto et developed a more complex physical model of
the flow of S.M.C. including viscous, elastic and yield components. The 
concept of biaxial elongation is supported and is considered to arise 
partly from the resistance of the glass fibre network, but mainly from the
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visco-elastic nature of the thickened paste. A four stage model for the 
flow is proposed:
(i) a void compression stage, which is shear rate dependent?
(ii) a visco-elastic biaxial elongation of the fibre/matrix network
in which the stiffness increases with shear rate and is 
dependent on the thickness of the charge;
(iii) a stage where there is a fall in the resistance to flow which 
represents a yield associated with the breakdown of the
thickener-carboxyl molecular bonds due to increased shear
strain; this is strain rate dependent and is accompanied by 
glass fibre alignment which further reduces resistance to 
flow;
(iv) a stage where stiffness increases once again due to fibre 
interaction.
These authors conclude that any rigorous theoretical treatment developed 
to predict the flow of S.M.C. in the mould would have to take into account 
all four stages of this flow model.
2.4.19 Design considerations
Sheet Moulding Compound offers the designer a G.R.P. component with two 
finished surfaces that exactly reproduce the mould surface. In general a 
smooth finish on both sides is required. In the automotive industry, 
developments in S.M.C. formulation have generally centred on achieving a 
"class A" surface finish that will accept paint and look essentially no 
different to a metal body part. Preparation of formulations to obtain 
improved surfaces is still the subject of research.
When designing components in S.M.C., the minimum practical thickness is 
generally considered to be 1.25mm. Surface variations at this gauge can 
be as low as +0.0005 i^/metre. The maximum component thickness is in the
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order of 25 mm with thickness build-up within the moulding as required. 
The minimum inside radius is around 1,5mm»
Deep draw moulding presents no difficulty in S.M.C. but a minimum draft
angle of 3® is recommended to ensure demoulding. Holes both parallel and 
perpendicular to the ram action, as well as moulding of bosses and 
stiffening ribs, presents no real difficulties, apart from their possible 
effect as flow modifiers. Information to aid the designer in choosing 
boss configuration and hole diameter required for various types of 
threaded fastener has been provided by M a s s e y . I n  this study,
failure torque and pull out forces are examined as a function of boss
type, hole type and glass content. With special tools, moulded in metal 
inserts and mould undercuts can be achieved.
Modern low profile technology offers components with excellent dimensional
stability. Some very large components have been manufactured, notably
r o  7 1 1lorry cab fronts and roofs,
2.4.20 S.M.C. formulations for specific applications
In the automotive industry, particular emphasis has been placed on the
production of tougher S.M.C. that is more resilient to impact loading.
This has advantages in both in-service conditions and post-moulding
handling where components are liable to chipping and cracking. Elastomeric
and rubber modifiers have been included in the S.M.C. formulation toT2 721 \2 731improve impact performance, ' as well as modification to the
resin to give lesser degrees of unsaturation, to yield a less rigid 
m a t r i x . ^  These strategies tend, however, to affect the mechanical 
properties of the resulting G.R.P. component; in particular elastic 
modulus is reduced.
For applications demanding very low self weight, S.M.C. has been used
which includes hollow glass microspheres as part replacement for the
filler c o n t e n t . T h e  diameter of these microspheres is in the order
of 50 microns. Sheet Moulding Compound components have been reported in
the literature with a weight saving up to 30% but with some sacrifice in
\2 771the mechanical properties.
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Flame retardant S.M.C. can be produced by the use of the standard methods 
described earlier for flame retardancy in unsaturated polyester (section
2.2.2), Halogenated systems are usually required to meet the most 
stringent standards but these do have the disadvantage of high smoke and 
fume emission. A better solution for S.M.C. is the inclusion of aluminium 
trihydrate filler in the formulation as this also acts as a medium cost 
extender for the resin system. To meet the most stringent flame 
retardancy standards, however, aluminium trihydrate loading must be high, 
leading to high paste viscosities and possible moulding difficulties. 
However, a special low profile additive has been reportai which permits 
higher alumina trihydrate loadings than conventional formulations with 
comparable mechanical properties,
Special formulations of fully thickened S.M.C. but with very low moulding 
viscosities have been reported in the literature under the name of 
S . M . C . I I . W h e n  matured, moulding viscosities as low as 
0.03 million poise can be achieved, making possible the use of moulding 
pressures as low as 100 psi. Such a low pressure system would make the 
moulding of very large parts possible on moderate tonnage presses. This 
formulation could also be used to mould complex and intricate parts at 
conventional pressures.
2.4.21 "Structural" S.M.C.
S.M.C. components have been manufactured that are required to carry
imposed loadings in addition to simply having a good appearance. Once
again, such components have mainly been for use in the automative industry
and include radiator grid s u p p o r t s , b u m p e r s a n d  prototypes of[2 811demanding applications such as wheels. * The prospect of furtiier 
developments in the automotive industry is a subject that has been 
assessed by Ehnert.
For structural grade S.M.C., the glass fibre content must generally be 
increased to above 30% by weight. Glass fibre content up to 80% by weight 
is a viable proposition, but at this loading no filler is used in the 
formulation. The glass fibre distribution must also be more
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predictable in the finished moulding and this has lead to the 
introduction, by various means, of additional unidirectional fibres within 
this S.M.C. charge. One example of this type of material has been called
X.M.C..'2-831
A series of S.M.C. materials has been reported by Jutte that, in addition 
to the random orientation of fibres, have continuous or chopped 
directional fibres included in the sheet at the compounding stage.
The running in of extra continuous fibre before the two carrier films are 
brought together in the compounding process is a relatively simple 
procedure. For chopped directional fibres a second roving chopper is 
needed. The addition of extra fibres in this way produces S.M.C. 
materials with different moulding properties, but the reinforcement 
direction after moulding is more easily controlled. These materials can 
also be used along with standard S.M.C. in charges that are built of 
several plies.
More efficient use of fibre reinforcement can be an advantage in 
structural S.M.C.. Increasing the fibre length, for example, does produce 
materials with improved mechanical properties, within certain limitations. 
This has been discussed in section 2.4.10. Improvemoits can also be 
obtained by the use of stiffer, stronger fibres such as S-2 glass. Use of 
this glass type in a 65% by weight canposite can produce S.M.C. with a 
tensile strength increase of 40% and a tensile modulus increase of 24% 
over the standard E glass material. In general, improvements in all 
mechanical properties have been reported by Fulmer. The same author
has also investigated the use of unidirectional face sheets of carbon 
fibres to produce S.M.C. hybrid composites, with beneficial effects on 
mechanical properties.
2.4.22 Weathering of S.M.C
Since a full scale structure is likely to be exposed to an outdoor 
environment, some consideration would have to be given to the effects of 
weathering. It is known that after a relatively short exposure, say 6 
months to a year, S.M.C. generally exhibits dulling, fibre protrusion and 
loss of s t r e n g t h . T o  combat this a resinous top coat, either
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sprayed or painted onto the units after moulding, would be required. Such 
surface treatment has been shown to substantially increase the life of 
S.M.C. components exposed to outdoor conditions. An alternative technique 
in which a pre-mould powder coating of specially formulated polyester is 
electrostatically sprayed onto the hot mould surface prior to the moulding 
operation, may prove to be of considerable importance in the surface 
coating of S.M.C.
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CHAPTER 3
THE PRODUCTION OF G.R.P. UNITS BY
THE HOT PRESS MOULDING OF S.M.C.
3.1 The Requirement for a Hot Press Moulding Tool
A prerequisite for the study of G.R.P. manufactured by the hot press 
moulding of Sheet Moulding Compound (S.M.C.), was a suitable structural 
unit manufactured from this material. Since the suitability of this 
material for use in the Civil Engineering industry was in fact the subject 
of this investigation, clearly a tool to produce such a unit was not 
already available.
It was decided, therefore, to embark upon a programme to prepare a 
specially designed hot press moulding tool for this project with which to 
produce the required structural units in S.M.C. .
The basic unit needed was required to be able to be joined to its 
neighbours to produce structures incorporating many units. The most 
versatile unit of this kind, which can be joined in many different 
configurations, is one with a triangular base. It was decided, therefore, 
to manufacture a tool to produce a triangular based pyramid unit. The unit 
produced was a scale model of what would be required for a full size 
structure.
3.2 Method of Manufacture of the Tool
3.2.1 General considerations
Moulding tools for S.M.C. are generally machined from steel to high 
standards of accuracy. This form of tool manufacture is, of course, very 
expensive and generally a high volume of production of moulded components 
must be guaranteed before the tool is made. Clearly, in a research
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project, the manufacture of a steel tool was difficult to justify. A low 
cost alternative method for the manufacture of a tool to produce this 
component had, therefore, to be considered.
The principles of the manufacture of low cost tools for the moulding of 
G.R.P. components have been reported in the l i t e r a t u r e . I n  
particular a method involving the backing of a sprayed lætal surface with 
a resin system has been successful in the manufacture of tools for handf3 pilay-up and cold press moulding. - *'•'
This method of tool manufacture involves the spraying, at an elevated 
temperature, of low melting point metal alloy onto an exact pattern of the 
component required. This forms a metal shell that, once the pattern is 
removed, provides the surface finish of the tool. The structural strength 
of the tool is supplied by a filled resin backing.
The G.R.P. component required for this research project was a triangular 
based pyramid unit, the dimensions of which are shown in figure 3.1. A 
flange was provided to allow fixing to neighbouring pyramids in a 
structure, and a flattened apex was incorporated to facilitate the fixing 
of a skeletal member between the apexes. Essentially simple in geometry, 
it was considered that the component could be hot press moulded using a 
tool manufactured by the method outlined above.
In addition to investigating the structural qualities of S.M.C., the 
research also involved a limited study of the moulding parameters, which 
is discussed in Chapter 9. This required the insertion of instruments 
into the surface of the tool, for which provision was made at the time of 
manufacture.
3.2.2 Tool design
2It was envisaged that pressure not greater than 3.45N/mm (500 psi) would
be used in the moulding of components with this tool. The working 
temperature would be around 120°C. The estimated crushing strength of the 
backing material was of the order of 48.28N/mm^ (7000 psi) at 100°C and 
consequently was capable of withstanding the proposed loading.
- 49
On this basis a suitable design for the tool was drawn up, surrounding the 
whole by a sturdy metal box of 20mm thick mild steel plate. A drawing of 
the tool is given in figure 3.2.
The surface finish of the tool was to be provided by a 1mm thick metal 
shell. A shear gap or pinch off of 0.125mm (5 thousandths of an inch) was 
provided. This gap is essential to allow air to escape from the mould 
cavity as the S.M.C. material flows to fill the mould. Guide pins to 
ensure the correct alignment of the two halves of the tool were to be 
added through steel blocks welded to the metal box after the casting of 
the resin backing material. Heating of the tool was to be through 
conduction alone from heated platens.
3.3 Manufacture of the Tool
3.3.1 Preparation
The first step in the manufacture of the tool was the construction of an 
exact replica or pattern of the component required. This was required to 
have the same surface finish as the final product, ie, in the case of hot 
press moulding, smooth both sides. The pattern had to be dimensionally 
stable under the heating imposed by the molten metal spray.
Because of these requirements it was decided that a suitable material for 
use in the pattern would be G.R.P. itself. A 2.5mm thick sheet of G.R.P., 
hot press moulding using the wet resin mat moulding process (see section 
2,3.9.1), was used. The faces and flanges for the pyramid component were 
cut from the G.R.P. sheet and assembled using a cynoacrylate adhesive. A 
draft angle of 3° was allowed on the flanges to ensure that demoulding of 
units from the finished tool would be possible.
The die side of the tool was manufactured first. To achieve this, the 
pattern described above was mounted on a hardwood frame (figure 3.3) to 
give a former in the shape of the proposed punch side of tlie tool. Fine 
adjustments were made to the former using a modelling putty. Care was 
taken to fill all indents that would tend to cause undercuts on the 
finished tool.
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The protrusions shown on the pyramid face of the former were the provision 
for instrumenting the finished tool. These consisted of cylindrical 
aluminium casings, grooved so as to key in to the backing material, into 
which instruments could be inserted on the face of the mould cavity. 
During the manufacture these were filled with dummy inserts and 
temporarily attached to the pattern using a weak adhesive bond.
Sheathing was provided to take the cables from the instruments at the 
surface of the mould through the backing material and steel box. Figure
3.4 shows the arrangement of mild steel sheathing in both the punch and 
the die.
3.3.2 Manufacture
When the former had been correctly set up a PVA release agent was painted 
on (figure 3.5) and once dry the spraying of the metal shell commenced. 
Spraying took place in a spray booth with dust extraction with the former 
placed on a turntable to assist in the spraying of all surfaces, as shown 
in figure 3.6.
The metal spray shell was an alloy of 92% tin and 8% zinc, melting at 
around 200°C.^^'^^ This alloy was melted in an electrically heated spray 
gun to a temperature of 300°C to 350°C. Compressed air was used to
project droplets of the molten metal onto the surface of the former which 
then fused together to form a shell. To achieve this, the droplets were 
required to be of correct temperature when arriving at the former and this 
was dependent on the distance that the nozzle of the gun was held from the 
former. A distance of around 75 to 100mm was found to produce a 
consistent shell. The gun was traversed continuously across the suface of 
the former to avoid heat blister or burn through of the metal shell. The 
shell was built up to a thickness of around 1mm and then a final coarser 
spray of droplets was used to provide a good key to the backing material.
When the spraying was complete, the metal box was assembled around the 
former, the sides of which were held together by a number of alien screws. 
At this stage the assembly appeared as in an earlier dry run shown in 
figure 3.7. Here the base plate formed only a convenient surface on which
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casting of the backing could take place. This figure also shows the mild 
steel sheathing used, down which it was intended to pass the cables for 
the electrical connections of the instruments to their recording devices. 
Steel sheathing was used rather than some more flexible material in order 
that the tool would not be weakened by the presence of the sheaths. In 
practice, however, great difficulty was experienced in fitting this 
sheathing from the instrument casings to the tool walls and so, in the 
final analysis, a more flexible type of sheathing may have been 
preferable. Once the assembly had been completed, the backing material 
was cast, as shown in figure 3.8 .
The backing material consisted of a filled mythacrylate resin system.
The fillers used were aluminium powder (200-dust) and aluminium pellets, 
roughly spherical and of 2mm to 3mm in diameter. These were chosen to 
impart good heat conduction properties to the backing material. The 
relative proportions of the three ingredients were, by weight;
(i) 15% resin,
(ii) 15% aluminium powder, and
(iii) 70% aluminium pellets.
The resin and aluminium powder were mixed for 20 to 30 minutes before 
casting to allow the mixture to de-aerate. Gentle agitation was required 
to keep the powder suspended throughout the resin. Hardener was added to 
the resin and the two components mixed for a further 5 minutes, after 
which 20% of the aluminium pellets were added and thoroughly wetted.
An initial investigation had shown that adding all the pellets at this 
stage produced an unworkable mix, liable to introduce air pockets on 
casting. One alternative of adding the pellets after casting of the resin 
alone and allowing them to settle in the mix, tended to leave partially 
wetted pellets near the metal shell, and was therefore also unsuitable. 
Adding 20% of the pellets before casting and the remaining 80% later was 
felt to be a reasonable compromise, allowing thoroughly wetted pellets to 
settle near the metal shell and providing an easily poured, workable mix. 
This enphasis on the exclusion of all air voids is important since any
- 52 -
void would cause a weakness in the backing, which would be liable to 
collapse during pressing, particularly near the metal shell.
Setting of the resin was initiated by the addition of a room temperature 
hardener prior to casting. Pot life of the resin once the hardener had 
been added was around 20 minutes. The mix was cast and the additional 
f pellets added during this time, using tamping to settle them into place^.
' The metal box was filled to overflowing, the excess backfill machined off 
at a later stage. Curing was essentially complete after about one hour 
but twelve hours were allowed to elapse before proceeding to the next 
stage.
The die side of the tool had now been produced. By turning the whole 
assembly over and removing the hardwood support, the punch side was 
manufactured, ie, the die had now become the former for the manufacture of 
the punch. It was essential at this stage that the pattern (ie, that part 
of the former which would eventually form the mould cavity), was not 
disturbed.
By building up the lead-in section, the pinch off 0.125mm (5 thousandths 
of an inch) was provided. This was achieved by applying a 0.125mm thick 
adhesive tape to the former. The same procedure as for the manufacture of 
the die was then followed.
It was found that an additional difficulty was experienced when spraying 
the metal shell for the "concave" surface of the former. Loose metal dust 
tended to build up in the corners of the pyramid shape. Care had to be 
taken not to form the shell over any areas of the loose material and so 
creating a weak shell. The dust was repeatedly blown away with compressed 
air in order to prevent this occuring.
Once casting was complete and the backing material set, the back of both 
the punch and the die were machined flat and a 25mm backplate or bolster 
attached. The backplate of the die was secured to the side plates by a 
series of alien screws whereas for the punch, threaded inserts were cast 
into the resin to allow bolting to the backplate.
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3.4 Moulding of S.M.C. Units
3.4.1 General
When complete, the tool was used to produce 38 complete mouldings. The 
quality of these mouldings varied considerably from the very presentable 
"display" mouldings of the first few, to the last few which exhibited 
rather a poor pitted surface.
A charge shape was selected and retained for all mouldings produced. 
Section 4.3.2 discusses the selection procedure adopted.
3.4.2 Selection of S.M.C. material
A conventional low shrink S.M.C. used in commercial mouldings was utilised 
for the moulding of components. The formulation of the S.M.C. used
is outlined in table 3.1. Glass fibre strand length was 25mm, and these 
were coated with a high integrity type size.
The production of the mouldings took place over several weeks and was 
fitted into a busy commercial production schedule. Because of this, it 
0  was necessary to use different batches of the S.M.C. material. To ensure 
consistency, strict controls were kept on the quality of the S.M.C. .
The S.M.C, used was selected from batches prepared for use in commercial 
moulds. The sheet was therefore subject to the rl^prous in-house quality 
controls normally employed; (typical testing procedure are described in 
section 2.4.15). Tests were carried out, for example, on incoming raw 
materials and the thickening reaction was monitored using Brookfield 
viscometer and penetrometer readings. Checks on glass percentage and 
sheet density were made at regular intervals. The latter showed the sheet 
density to be very consistent at 4.475kg/m". The Parallel Cylinder Shear 
Rheometer (P.C.S.R. ) developed by T h o m a s w a s  used in an attempt to 
establish that the S.M.C. in use had consistent rheological properties. 
These test were disappointing, however, showing only that the sheet was in 
the mouldable range. This type of rheometer, however, has been criticised 
in the literature as being unreliable. The P.C.S.R. results, which
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are also designed to indicate any pre-orientation of glass fibres arising 
at the compounding stage, were therefore discounted. In order to check on 
the possible pre-orientation of fibres within the sheet an alternative 
test r^ime was employed, involving the tensile testing of oven cured 
S.M.C. sheet. This procedure is described in section 4.3.3. All other 
checks on the S.M.C. quality proved it to be very consistent both within 
and between batches.
Component Composition (% weight)
Unsaturated Polyester Resin in Styrene 
Monomer
36.4
Catalyst 0.5
Low Shrink Additive 2.0
Particulate Filler 38.2
Pigment 0.8
Release Agent 1.6
Thickening Agent 0.5
Glass Fibre Reinforcement
20.0
TABLE 3.1 Formulation of the S.M.C. used in 
moulding pyramid units
The particular S.M.C. chosen was known to have exhibited good mould flow 
and ease of release in commercial tools. This, along with the low fibre 
loading, ensured that possible abrasive damage to the tool surface would 
be minimized and low pressures could be used to reduce risk of structural 
damage to the tool.
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A specially formulated S.M.C. having extremely low viscosity known as 
S.M.C.II,^^'^^'^^'^^^ which would have been highly suited to this 
application, was not available. With this material good quality mouldings 
can be produced with pressures of 0.7 to 2 N/mm^ (100 to 300 psi). 
However, the S.M.C. use3 was taken deliberately early, at its lowest 
mouldable viscosity, in order to ensure a lower viscosity than that 
usually used in commercial tools. Any worries that the fibres would not
be carried to the extrenities of the mould were eliminated by
X-radiograghy of the finished mouldings. The X-radiographs showed an even
distribution of fibres throughout the moulding and figures 4.12(a) to
4.12(c) show typical X-rays of faces cut from the pyramid units.
3.4.3 Moulding procedures
A further departure from the usual S.M.C. moulding practice was to mould
to "stops" rather than fully positive. In the case of this tool, once the
sides of the box enclosing the die had contacted the backplate of the
punch, the applia3 pressure was then redistributed through the steel walls
of the tool. This was to ensure that the maximum nominal pressure was
only exerted on the backing material for the duration of flow of the
S.M.C.. Applying this loading for only a short time on each cycle reduced
the possibility of creep within the backing material. Care was taken not
to overcharge the mould cavity in order to prevent fully positive2pressing, A nominal pressure of 3.45 N/mm (500 psi) was decided upon to 
cause the S.M.C. to flow but this was reduced after mould closure to 1.7 
N/mm^ (250 psi).
Moulding of components was carried out in a Daniel press (maximum 150 
tons) with steam heated platens. Figure 3.9 shows the tool in the press. 
Heating of the tool surface was by conduction from the platens through the 
backing material to a nominal temperature of 120°C. Again, this was lower 
than normal moulding practice? typically temperatures of 140°C are used. 
Lowering the moulding temperature to that judged to be just sufficient to 
I initiate polymerisation of the resin in the S.M.C. was thought to be a 
factor thaj^  might increase the useful life of the tool. A slow close of 
0,5cm/min was used.
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3.4.4 Moulding difficulties
During the mould of components, progressive damage to the tool occurred 
thus limiting its life to 38 mouldings. After only 3 of these mouldings 
it was noticed that hairline cracks had appeared in the metal spray 
surface at the folds of the pyramid on the die side. This cracking was 
attributed to the fact that the metal shell had been compressed slightly 
on each face of the pyramid. These cracks did not extend into the backing 
material and indeed caused no further problem throughout the life of the 
tool.
The first mouldings produced were of good quality, exhibiting excellent 
release and having a finished surface equivalent to components produced on 
metal tools.
Unfortunately, at this stage major damage to the tool occurred? during 
moulding the punch side of the tool was pulled off its backplate. Two 
bolts had been provided to hold the punch in place and these were threaded 
into metal inserts cast into the backing material. These inserts had been 
pulled out, taking with them a proportion of the backing material. 
Clearly, the demoulding force had beeen greater than anticipated.
The surface of the tool had not been affected however, and consequently 
the damage was able to be repaired. Firstly the hole in the backing was 
refilled with a new mix of resin plus fillers. This new backing material 
was keyed to the old by the novel approach of introducing a number of 
small machine screws into threaded holes in the old backing. The heads of 
the screws were allowed to protrude and the new backing material was cast 
around them. The punch was then re-attached to the backplate by drilling 
and tapping into the backing through the backplate in four places, and in 
addition, introducing an epoxy bond at the join.
After this repair was completed, moulding continued successfully. It was 
found, however, that optimum performance of the tool was only maintained 
by giving careful attention to tool preparation before each cycle. All 
dust and debris was blown from the tool surfaces using a compressed air 
line and additional release agent, in the form of zinc stearate powder.
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was applied. If this procedure was not adhered to, difficulty was 
experienced in demoulding the component. Components of good quality were 
being produced, although some were slightly damaged on donoulding. The 
worst problem at this stage was the small amount of metal "scrub" which 
came from the tool surfaces with each cycle.
A further fifteen mouldings had been produced before this metal "scrub" 
had become a serious problem. Areas of the surface had become very rough 
and were very clearly affecting donoulding. Efforts to free the mouldings 
by levering were causing further damage to the tool in the form of under 
cuts at the pinch off and surface metal flaking.
To extend the life of the tool it was decided to sand down these roughened 
areas to a smooth surface once more. By using a very fine wet and dry 
paper the surface was restored to something approaching its original 
texture. This, of course, had the effect of marginally increasing the 
size of the mould cavity, and mouldings produced after this repair were of 
varying thickness. Finally, the surface was sealed with an application of 
a specially prepared aerosol sealant produced by Mining and Chemical 
Products Ltd..
The rpaired tool went on to produce a further 13 mouldings at which point 
the punch, once again, fractured along the line of the previous break. 
Metal scrub was again the worst difficulty during the last phase of 
moulding. Since the last two or three mouldings had exhibited a very poor 
and pitted surface finish it was decided that the useful life of the tool 
had been reached. During the last six moulding cycles, instruments were 
placed in the mould surface and pressure and temperature readings were 
monitored. Details of these tests are given in Chapter 9.
3.5 Results
Sufficient sound mouldings had been produced to manufacture the model 
structure shown in figure 7.8 consisting of sixteen units, as well as the 
two unit model shown in figure 7.2. Further mouldings with slight damage 
caused at demoulding were suitable for coupon specimens for the mechanical 
testing programme described in Chapter 4.
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tFig. 3.9 The hot press moulding tool mounted in the press
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CHAPTER 4 
S.M.C. MATERIAL INVESTIGATICM
4.1 Material Investigation Programme
A materials investigation was carried out in two phases.
Firstly, a preliminary investigation of S.M.C. material obtained from 
components moulded with a hot press moulding tool of simple geometric 
configuration was necessary. The principal aims of this phase were;
(i) to evaluate, to some extent, the final products dependency on 
the charge shape of S.M.C. placed in the mould; 
and (ii) to develop experience leading to qualitative laws for choosing 
a charge shape.
Secondly, an investigation of the S.M.C. material taken from the pyramid 
units moulded with the purpose built tool described in Chapter 3 was 
carried out. The principal aims of this phase of the investigation were;
(i) to check on the material property consistency achieved in the 
moulding of the pyramid units;
(ii) to determine the suitability of the units for assembly into a 
model roof structure;
and (iii) to determine the mechanical properties of the material for 
later use in structural analysis procedures as described in 
Chapter 7.
4.2 Preliminary Investigation
4.2.1 General considerations
For the preliminary investigation a flat plate tool producing a 
rectangular component of 355mm by 305mm was used.
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A general purpose low shrink S.M.C, was used with 23% glass fibre 
relnforcanent by weight. Fibres were 25mm in length and were coated with 
an insoluble size. This particular S.M.C, was similar to that finally 
select®a to manufacture the pyramid units, but variation in the resin 
constituents and fibre loading produced different mechanical properties to 
those discovered in the main material investigation. Never-the-less, the 
general principles of this preliminary study remain the same.
Moulding parameters for the flat plate were chosen to be representative of 
those that were eventually to be used in the moulding of the pyramid 
units. A temperature of 125°C, a pressure of 3.45N/mm^ and a slow close 
of 0.5cm per minute were used.
4.2.2 Charge shape selection
The flat plate moulding tool was used to produce a series of S.M.C. 
components in which the charge shape placed in the mould was varied. The 
types of charge shape investigated were;
(a) A charge similar in shape to the mould cavity (253mm by 217mm) 
covering 51% of the mould surface area. It was expected that this charge 
shape would produce approximately equal flow to all the edges of the tool 
and would involve only short flow lengths. Flow length to the edge of the 
mould was in fact no greater than 52mm with the charge centrally placed. 
Three layers of S.M.C. were used to produce a moulded component of 4.1mm 
thickness.
(b) A strip charge, centrally positioned on the long axis of the plate and 
laying on the short axis, of 286mm by 100mm. Covering approximately 26% of 
the mould surface area, this charge was expected to produce approximately 
uni-directional flow and relatively large flow lengths. A flow length to 
the edge of the mould of approximately 125mm was produced with the charge 
placed in this manner. Five layers of S.M.C. were used to produce a 
component thickness of 3.6mm. On this small charge width, five layers is 
the maximum to avoid toppling of the charge on mould closure.
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(c) A cross shaped charge consisting of rectangular strips (286mm by 100mm 
and 336mm by 85mm) positioned on the short and long axes of the tool. Five 
layers of S.M.C. covering 45% of the mould surface were used to produce a 
component of around 3.6mm thickness. It was anticipated that this charge 
would produce converging flows across the diagonals of the mould.
Odd layers were used in the categories (a) and (b) to avoid the possible 
delamination effect described by Ehnert.
4.2.3 Testing of finished components
Six mouldings were made for each of the charge shape categories. To 
evaluate the nature of the material property variations produced in each 
of the categories, tensile tests on coupon specimens were carried out to 
determine modulus and ultimate tmsile stress. In addition, X-radiography 
was used in order to obtain a visual representation of fibre distribution 
within the mouldings. Since the glass fibres in the S.M.C. are more 
opague to X-rays than the resin matrix, the orientation of fibres, if 
present, can generally be observed when S.M.C. components are exposed to 
X-rays, The recording medium may be X-ray film or equivalent depending on 
the technique employed.
It was expected that these two procedures would reveal any charge shape 
related alignments of fibres or any flaws present within the components 
produced.
4.2.4 X-radiography results
All flat plate components were subject to X-ray investigation. Two 
different techniques were used to obtain X-ray pictures, these being;
(i) conventional exposure of X-ray film to produce a negative
image of the component X-rayed; Kodak Industrex "C" X-ray film 
was used;
and (ii) the Xerography technique which produces a direct positive 
image of the component X-rayed.
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In both cases a contact print of the component is produced, and because of 
film or print size limitations of the two techniques respectively, the 
flat plates were X-rayed in small segments up to half plate size. X-ray 
parameters of 35kV, 30mA and 24 seconds of exposure were used with a focus 
of 1.5mm . These were found to produce images of satisfactory clarity. 
Time of exposure can be greatly reduced by the use of intensifying
screens, but the image may be less clear due to X-ray scatter. Further
details of industrial X-radiography techniques can be found in reference 
4.3.
On examination, the X-rays for the charge shapes of type (a) and (b) 
appeared very similar. Although the greater flow lengths involved in the 
moulding of type (b) might have been expected to produce greater
orientation of fibres, the X-rays do not prove this categorically. In 
general the fibres seen well dispersed, as shown in figure 4.1 and 4.2. 
However, the X-rays were taken through a considerable thickness of 
material (3.7 to 4.2mm) and it is possible that any orientation is 
disguised, say by a surface layer of randomly orientated fibres.
An X-ray technique is available that is able to examine layers through a 
material in considerable d e t a i l . T h i s  method, however, proved 
to be prohibitively expensive and so beyond the scope of this
investigation.
The X-rays obtained for the flat sheet components did exibit a pronounced 
edge effect within the last few millimeters of the mould edge. Here the 
fibres have aligned with the edge of the mould, and the effect can be 
clearly seen in figure 4.2.
The mouldings that were produced with the charge shape category (c) , 
exhibited the most well defined defect. Here, converging flows have 
produced a "weld" line across which few, if any, glass fibres pass. This 
effect can be seen in figure 4.3. Clearly the strength across the weld 
line would be very low.
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4.2,5 Results of the mechanical tests
In order to determine the strength and modulus of the S.M.C. components 
produced, coupon specimens were prepared. Specimens were cut from the 
types (a) and (b) mouldings but not from category (c) because of its 
obvious defect. The cutting out scheme shown in figure 4.4 was followed, 
taking samples from the expected flow direction and at right angles to it. 
For the category (a) charge, samples 3,4,7 and 8, and for the category (b) 
charge, samples 3,4,5 and 6, were considered to be in the direction of 
flow.
Specimens were tested to failure in tension. Strain was determined by 
using an extensometer, which was ronoved prior to specimen failure to 
prevent damage to the device. Strain readings are not available to failure 
as a consequence, but results are shown graphically in figures 4.5 and 4.6 
with extrapolation to failure. It is evident from the figures that the 
S.M.C. produced in the mouldings is of varying material properties./ \ Figure 4.5, showing stress-strain envelopes for the category (a) sheets, 
v/" reveals a small spread of results, and little evidence for directionalV
(/
^  properties. Samples taken parallel to the expected flow direction have
only a slightly greater average modulus and strength than the samples
taken perpendicular to the flow. The short flow lengths and approximately
equal flow all round have produced components with roughly isotropic2 2material properties. Modulus varies between 8695N/mm and 12500N/mm with2 2strength varying between 52.3Sï/mm and 88.0N/mm .
On the other hand, figure 4.6 indicates a definite difference in results
for those samples taken along the flow direction to those taken at right
angles to it. Here it seans that the pronounced unidirectional flow and
longer flow lengths have produced a material with marked "orthotropic"2 2properties. Modulus varies between 8330N/mra and 12900N/ram with strength2 2 varying between 27.0N/mm and 104.0N/mm .
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4.2.6 Discussion
From this preliminary investigation it can be concluded that:
(i) Strength and modulus in hot press moulded,S.M.C. components are 
related to flow direction in the mould. Material properties are 
generally higher parallel to the flow direction than those 
perpendicular to it.
(ii) Strength and modulus are related to flow length of material in 
the mould.
(iii)Variation of material properties should be expected within 
categories of charge shape as well as between those categories.
(ivj An edge effect where fibres align with the edge of the mould 
over the last few millimetres should be expected.
(v) Converging flows are likely to cause serious flaws in the 
component and are to be avoided.
The charge shape of S.M.C. placed in the mould cavity at the time of 
moulding clearly plays an important role in the quality of the finished 
component.
4.3 Material Investigation for S.M.C. Pyramid Units
4.3.1 General
For the investigation of the structural use of the S.M.C. pyramid 
component, it was required to produce a unit with, as near as possible, 
isotropic material properties. At the time of moulding, therefore, a 
charge shape had to be chosen to produce this end result.
Since it was anticipated that the low cost tool described in Chapter 3 
would have a limited life and since the principle aim was to produce 
enough components for the construction of a model roof system, it was
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thought inadvisable to carry out a formal charge shape investigation. In 
such an investigation the charge shape would be varied, the components 
produced, tested and X-rayed to find the charge shape producing the best 
finished component. Units were required, however, that held the charge 
shape parameter constant, therefore a charge shape was chosen based on the 
experience gained with the flat plate tool described earlier in this 
chapter.
4.3.2 Charge shape selection
The pyramid tool, although unquestionably more complex than the flat plate 
tool, is still a relatively simple shape and only a limited number of 
options for a sensible charge shape were available. It was considered 
that;
(i) a charge shape placed predominantly on the fold areas of the
mould would produce converging flows at the centre of the faces,
and (ii) a charge covering only the faces of the mould surface might 
produce a diverging flow from the fold areas.
A compromise between these two was therefore chosen, with the faces having 
a layer of S.M.C. of similar shape to the face, with additional strips 
along the folds. The charge shape covered 65% of the mould surface area in 
order to keep flow lengths short; this is illustrated in figure 4.7.
4.3.3 Quality control of S.M.C
The formulation of the S.M.C. used for the moulding of the pyramid units 
is described in section 3.4.2. Careful control was kept on the quality of 
the S.M.C. used to produce mouldings, in line with those normally carried 
out in the moulding industry, (described in section 2.4.15). In all the 
quality control procedures that were carried out, consistency of S.M.C. 
between batches arx3 within batches was found to be very good.
Every care was taken to ensure that no gross directional properties 
existed in the S.M.C. prior to moulding. Edges of the S.M.C. sheet, which
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are often subject to variabilty due to shortcomings at the compounding 
stage, were discarded. Regular samples of the sheet used were taken for 
seperate testing. These samples were oven cured at 120°C under a nominal 
weight for 6 hours. The resulting G.R.P., which inevitably contained a 
great deal of air voids, was then tested for ultimate tensile strength. 
Coupon specimens of 30mm width were cut from the cured sheet, in the 
direction of, at right angles to, and at 45° to the compounding direction. 
Ultimate tensile strengths recorded from a typical batch are shown in 
figure 4.8 and gives a guide to the directionality of the S.M.C. sheet. A 
slight bias in the transverse direction was indicated by this series of 
tests. To eliminate any variation due to this additional parameter, the 
individual components making up the charge of S.M.C (as described in 
4.3.2) were cut from the roll with a consistent orientation to the 
canpounding direction.
4.3.4 Mechanical testing
To determine tlie ultimate tensile strengtli and tensile modulus of the 
material of which the pyramid units were made, a series of coupon 
specimens were cut from those units set aside for this purpose. Samples 
were prepared from as many different areas and in as many directions as 
possible in order to obtain a compreliensive picture of material properties 
of the units. Samples were nominally 20mm wide, with sample length 
depending upon the position from which the sample was taken.
To determine the strain in the sample up to failure, resistance strain 
gauges were used. A longitudinal gauge was bonded to each side of the 
specimens to eliminate any bending effect that might be present during 
testing. In addition, for the determination of the Poissons ratio of the 
material, a number of samples were supplied with transverse gauges. An 
Instron testing machine was used to perform the tensile tests, using a 
strain rate of 0.5mrq/min.
Results of the tests are shown in table 4.1 and graphically in figures 4.9 
and 4.10.
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Sample
No.
Region Stress
(N/mm^)
Average 
Stress (N/mm“)
134 6101113152528
FOLD
38.3528.0630.80 44.84 
35.77 25.01 29.2226.80 32.14 23.64
31.46
15.719.6 N/A 18.1 23.5 16.217.7 N/A 18.3 18,2
18.4
2 34.29 20.35 41.87 16.67 40.24 22.48 46.45 21.09 66.13 21.812 30.38 20.414 36.84 15.916 44.21 22.817 54.40 N/A18 29.14 12.919 FACE 34.25 42.12 16.7 18.220 34.90 14.121 37.00 18.022 40.50 18.223 39.68 14.624 40.90 15.526 59.90 19.927 65.90 N/A29 42.20 N/A39 42.15 N/A40 30.38 N/A41 34.90 N/A
30 44.02 12.531 56.31 17.932 44.14 18.433 FI^GE 47.47 47.17 17.134 28.28 17.4 15.235 56.57 16.936 47.68 10.037 56.11 13.238 43.94 13.5
Glass Content
(% wt)
Average Glass
Content
TABLE 4.1 Results of mechanical testing and burn-offs for S.M.C. samples from pyramid units
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There is a clear indication from the results that material isotropy had2not been achieved. An overall variation in strength of 23.64N/mm to 
66.13N/ram^ and modulus variation of 10345N/mm^ to 14285N/mm^ are 
indicated. In general, units had been produced with weaker regions close 
to the folds and in the direction of the folds. This weaker region 
affected only the first 20mm sample cut from fold area, adjacent samples 
showing results more nearly consistent with the rest of the pyramid.
Samples taken elsewhere from the pyramids show a generally higher modulus 
and strengtli than the fold samples. This is clearly illustrated in figure 
4.10. Also shown is the variability within the categories. Coupon 
specimens taken from the flange area of the pyramids are generally within 
the higher strength and modulus range, as seen in table 4.1. This is due 
to the edge affect similar to that noted in flat plate mouldings, where 
fibres align along the last few millimetres at the edge of the mould.
Generally then, the samples taken from the fold and parallel to it exhibit 
lower strength and modulus when compared to samples taken elsewhere. This 
is probably due to adverse orientation of fibres during mould flow. 
Despite efforts to avoid flow induced variations in material properties by 
careful placing of the charge of S.M.C. within the mould, flow does seen 
to have been predominantly away from the fold regions.
4.3.5 Glass content check on pyramid components
Samples tested in the above programme were also subject to a burn-off 
investigation.
It was possible that the variations in properties observed were due to 
non-homogenity of the units instead of their anisotropy as proposed. A 
fair selection of the samples tested were burnt-off and the results are 
also indicates in table 4.1.
For each sample tested, a section 20mm either side of the failure point 
was ronoved. This was burnt-off at 620°C to remove the resin matrix and
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then acid treated to remove the calcium carbonate filler. The content of 
the remaining glass was then established as a percentage of the samples' 
original weight.
The results from this exercise do indicate quite a considerable variation 
in glass content within the pyramid specimens as shown in figure 4,11, 
It is noticeable, however, that high glass content is not always 
associated with high strength and modulus. Fold and face regions average 
much the same glass content, but as has been seen the strength and modulus 
of the folds is considerably lower than the faces. Lowest glass content of 
all is associated with the flange regions of the pyramids, but it has been 
noted that these regions have the highest mechanical properties.
The indication is that the mechanical properties of the samples taken from 
the pyramids depend upon fibre orientation rather than glass content, 
although the latter clearly has some bearing on a complex variation ip, 
material properties,
4,4 Complete Characterisation of S.M.C. Material
4.4.1 General
The average initial tangent modulus of the fold region is around2 2 . llOOON/mm and elsewhere around 1350QN/mm . These were the values carried
f through to the anlysis procedures of Chapter 7. Variation within these
y categories is evident, however, the modulus of the folds varying betv/eoi
Vw 2 2. 10345N/mm and 12000N/mm ? and the modulus elsewhere varying between2 212500N/mm and 14285N/mm . A narrow region of increased modulus was 
^ probably to be expected perpendicular to the folds, but it was not
possible to verify this with coupon specimens. An estimate that the 
modulus in this region would approximate closely to that of the majority 
of the pyramid did not seon unreasonable.
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4.4.2 Isotropic material
For the isotropic material forming the majority of the continuum of the 
pyramid units, the stress-strain relationship for the lamina under plane 
stress, in matrix form, is given by;
where
®xx j Î Q n O12 0
®yyf
^xyj
Î O21 O22 0
i 0 0 O44
Oil = O22 = l/E
Ol2
044
= O21 = 
= 1/3
- V/E
(‘^xx)
1^YY(
Txy)
4.1
In the notation used for stress and strain, the first suffix denotes the 
direction and the second signifies the plane on which the action takes 
place. Thus e^^ , for example, is the strain component along the x-axis 
and lying on a plane normal to the y-axis. (This notation is also shown in 
figure 5.1 .)
Rearranging equation 4.1 gives:
(°xx I
vOyy ^
^xy )
where ^11 = ®22
S12 = ^21
S44 G
where E = Young's Modulus
V = Poissons Ratio
11 ®12 0
21 ^22 00 0 S44
= E/1-
;;E/l--.2
j X X
( V ;
4.2
and G = Modulus of rigidity = E/2(l+P)
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The complete characterisation of this material therefore requires the 
definition of only one further elastic constant, namely the Poissons 
ratio, V .
As noted in section 4.3.4, transverse strain gauges were provided on a 
number of coupon samples at right angles to the loading direction, in 
order to determine this quantity experimentally. An average figure for the 
Poissons ratio of 0.31 was obtained from these tests for the isotropic 
material.
4.4.3 Anisotropic material at folds of pyramid units
The tests on coupon specimens had revealed that the material near to the 
folds of the units had direction dependent properties, ie., was 
anisotropic. Because of the nature of the anisotropy discovered, however, 
it was considered that the material in the fold region closely 
approximated to an orthotropic material. A quasi-orthotropic treatmeit was 
therefore considered to be an acceptable simplification for analysis 
purposes, to represent a material whose exact categorisation would be very 
difficult.
For an orthotropic material, the stress-strain relationship for a lamina 
under plane stress, in matrix form, is given by;
where
XX
°xx / 1 Qii ®12
®yy( 1 Q21 ^22
°xy) 1 0 0
^11 = 1/Bxx
Q i2 = ^xy^ XX =
^22 = 1/Eyy
^44 = 1/Gxx
*xy/Gxx = *yx/^yy
°xx are considered to be
0
0
4^4
' X X
,o;yy
x^y
4.3
^yx^^yy = Q21
4.4
of the fold.
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Rearranging equation 4.3 gives:
where
'xx
1 ^ 1
x^y
ll
'12
"xx 
1-f; , V
= s21
11 ^12 0 ! (®xx
21 ^22 0 1
0 0 S44I /®xy
yx
1- V V xy ^yx "-"xy
4.4
yx
'21
44
' ^"*xy *yx
= Gxy
The complete characterisation of this material requires two further
elastic constants, namely Poissons ratio in one direction, r 
modulus of rigidity, G^^. xy
and the
The Poissons ratio in one direction, , was determined as described in
section 4.4.2, by applying transverse gauges to sample taken from along 
the fold area. An average Poissons ratio of 0.27 was found in the tests 
carried out. The Poissons ratio, , was then determined.
since
then
V /E xy XX
giving a value,
yx
yx
''xy^yy/^
0.33
X X
The value of G^^ can only be determined by experiment and the 
determination of the shear-strain response of any material, always 
presents a difficult test problen. This is especially true of orthotropic 
materials. These difficulties have been outlined by Petit.
Several test regimes have been devised for truly orthotropic fibre 
reinforced materials.[^.8],[4.9],[4.10] the quasi-orthotropic material 
under consideration here, the most easily applied and most relevant test
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type involves the application of tensile stress to a coupon specimen cut 
at an angle to the direction of main reinforcement. Strains in the 
specimen measured by the use of a rosette strain gauge can be used in a 
calculation of G^. Greszczuk for example gives the modulus of
rigidity as;
xy
where
and where
2 (m^-m^) + (2mg^-m^-m^) (cot Œ  - tan Oi ) 4.6
m
m.D
m V ° a
e is the strain within the sample in gauges
a,b and c, respectively,
O' is the fibre orientation angle,
%  is the applied tensile stress,
a is the direction of the tensile load.
However, the quasi-orthotropic region of the pyramid unit extended for 
only the first 20mm either side of the fold. It was not possible, 
therefore, to obtain a suitable sample for testing from such a narrow 
region.
Since the value of G^^ could not be determined by tests on a specimen of
the material, it was decided to employ an approximate value in later2analytical work. A value of 4000N/mm was used, this being based on the 
values of the other elastic constants, to completely characterise the 
material of the quasi-orthotropic region in plane stress.
4.4.4 X-radiography study
The mechanical property investigation was supplonented by an X-radiography 
study as used for the flat plates. Pyramids were selected for this 
purpose, carefully sawn into their seperate surfaces, and then X-rayed. 
The Xerography technique was preferred at this stage. It was hoped that
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the areas of weakness at the folds would show up noticably. However, as 
already shown for the flat plates, orientation of fibres is often masked 
by the thickness of material.
Examples of the X-ray results are shown in figures 4.12(a) to 4.12(c), If 
vAthey are scrutanised closely, then there is a suggestion of the effect of 
orientation near the fold but the evidence is by no means conclusive. One 
X-ray (figure 4.12(c)) does in fact show more clearly a likely flaw in the 
material near the centre of the face. Such flaws were not a repeatable 
feature, and are likely to account for the occasional departure from 
typical material properties observed in the mechanical testing.
4.5 Discussion
This investigation has shown that for the pyramid units moulded with the 
low cost moulding tool developed (see Chapter 3), adequate material 
properties were produced in the units to make them suitable for inclusion
in a model roof syston. The initial tangent modulus was, in all cases,2 2 found to exeed 10345N/mm . An average tensile strength of 40.6N/mm and a
specific gravity of 1.82 to 1.89 were obtained, figures that are very 1
close to published data for the material moulded in steel t o o l s . '
The fact that the modulus and strength of the units tended to fall off
near the folds and parallel to them was a little disappointing, since this
was considered to be the likely area of stress concentration in the type 
of roof structure planned. However, once this fault in the units had been 
noted as a consistent feature, these lower mechanical properties could be 
accounted for in any analytical treatment. Variability of the material is 
evident, but in general the mechanical properties have been categorised as 
in table 4.2.
- 83 -
1 Region \ 
! of Î 
1 Continuum',
^xx
(N/mm^)
1 ^yy 
1
i (N/mm^)
J1
1 "xy11
11
1 "yx1 '1
! °xy !* 1 1 1
1 1
1 1 1 1
i FOLD 1 
1 )
11000
11
1 13500 
1
11
1 0.27 
1
11
Î 0.33
t
1 1 1 1
1 4000 1
1 t1 1 
1 FACE 1
I 1
13500
1
1 13500 
1
1
Î 0.31 
1
1
Î 0.31 
1
I !
i 5153 i 
1 11 1
1 FLANGE 1
1 1 i 1
13500
1
1 13500
11
1
1 0.31
11
1
1 0.31
11
I 1
! 5153 j 
} !
TABLE 4,2 Mechanical properties of the S.M.C.material taken from the pyramid units
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Fig. 4.1 X-ray photograpAi of glass
fibre distribution arisingfrom charge shape (a)
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Fig. 4.2 X-ray photograph of glassfibre distribution arisingfrom charge shape (b)
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Fig. 4.3 X-ray photograph of glassfibre distribution arisingfrom charge shape (c)
-87-
UlUIOZ
-88-
100
Area of failuœa
80-
60IUi 50
Area of failures
40
0  parallel to flow 
^  perpendicular to flow20
10
4 12 142 6 8 10 Strain ( 1 0 train)
Fig. 4.5 Stress - strain profiles for samples from flat plate components; charge type (a)
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Fig. 4.6 Stress - strain profiles for samples from flat plate components; charge type (b)
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Fig. 4.7 Illustration of the charge shape used in the moulding of pyramid 
units
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mFig. 4.12(a) X-ray of a pyramid face
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Fig. 4.12(0) X-ray of a pyramid face
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CHAPTER 5
DEVELOPMENT OF A FINITE ELEMENT CCMPUTER PROGRAM
5.1 Program Requirements
In order to establish the likely behaviour of full scale structures 
constructed from the basic unit of S.M.C. in conjunction with skeletal 
menberSf analytical solutions were required. The finite element method of 
structural analysis provided a suitable method for tlie analysis of such 
continuum/skeletal structures.
Because of the relatively simple nature of the analyses required (once the 
assumptions listed below had been made) y it was decided that a finite 
element conç>uter program could be written to carry out these analyses. 
Using the now well established theory of finite element analysis y all the 
steps necessary for tlie determination of displacements of, and stresses 
within the structure were programmed using the FORTRAN programming 
language.
5.2 Assumptions
Firstly a number of assumptions were made concerning the mathematical 
modelling and the type of analysis that would be carried out.
Only linear elastic problems would be treated and these would be subject 
to the standard assumptions.
i) The displacements within the deformed body are linearly related
to the forces , ie. Hooke's law is obeyed .
ii) The displacenents are small and are linearly related to the
strains within tiie déformai body .
iii) The geometrical and material properties of a finite element
remain constant throughout the element . \y/
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In addition the following assumptions were made concerning the type of 
structures to be analysed-
iv) The structures analysed would be of a continuum/skeletal type. 
The continuum would be provided by a series of basic structural 
pyramid shaped units connected together and joined at the apexes 
by skeletal menbers of circular cross section tubes.
v) The thickness of the continuum is small compared to its other 
dimensions ,
vi) Loading of the stuctures would only be through the apexes of the 
structural units.
Earlier work on continuum/skeletal structures had shown that in such
structures, the stresses due to the action of bending were significantlyf5 11smaller than those due to in-plane actions. ' ' The assumption was made, 
therefore, that ;
vii) bending effects would be negligible in the structures analysed 
and would therefore be ommitted .
»
The type of analysis thus specified reduces to one of plain stress, ie., 
the continuum part of the structure is subjected to in-plane or membrane 
forces only. Generally the stress state within a body may involve the 
components as shown in figure 5.1. If, however, a lamina is considered 
where the thickness is small, the number of stress components is reduced, 
as shown in figure 5.2.
As the type of structures to be analysed involve laminae of this type, two 
final assumptions were made.
viii) The faces at z = + t/2 are free from applied force hence
n- =  T  =  T =  O o n  these faces. Since the tiiickness is small, zz yz 2x
this condition is also valid within the cross section.
ix) Stresses (J^ ,^ Cf^, 7^^ do not vary across the thickness.
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5.3 Theory
5.3.1 General
Only sufficient of the theory will be presented here to describe the 
processes carried out by the program. The finite element method has been 
well covered in the literature, for examples see references 5.2, 5.3 and
5.4 . The notation adopts! is similar to that of Nath.
Using the unit displacement theorem and by the principle of virtual work,
a relationship between the forces required to maintain equilibrium of a
body and true stress distribution within it can be established. For a
linear elastic body ;
(P) dv 5.1
vol
where {P} is the external load vector
{O’} is the internal stress vector
and [f] is the strain distribution function .
The strain distribution function [f ], represents the linear relationship 
between the strains {e} and the extronity displacsnént vector {Ô}, such 
that;
{6} = [f]{0} 5.2
where
= fe ) 5.3
for a two dimensional plane stress problem.
It is the exact determination of the strain distribution function that 
presents the difficulty in analysing such problons explicitly. A rigorous
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solution of the equations of linear elasticity would be required, which in 
many cases is difficult, if not impossible to accomplish. Because of these 
difficulties an approximate method in the form of a finite element 
solution is used.
5.3.2 Discretization
The first step in the finite elonent method is to discretize the structure 
into a number of elonents of finite dimensions. There is assumed to be no 
physical connection between these elements and they are only joined 
through certain node points. The point where an elanent touches a node is 
termed the extremity of the element.
The deformation of a structure thus discretized is represented in general 
by the displacements at the nodes. The true structure, having an infinite 
number of degrees of freedom, has now been rpresented by a system with a 
finite number of degrees of freedom. If the force-displaconent 
relationship of each element is known then a mathanatical model of the 
whole structure can be built up having a finite number of parameters. 
Solution of the simultaneous equations so formed, gives the displacements 
of the structure. Once the displacements have been determined, the 
unknown reactions and the stresses within the elonents may be obtained. 
This procedure is generally termed the stiffness method.
In matrix notation the equations may be rpresented by ;
{P} = [K] {0} 5.4
where {P} is the load vector,
[K] is the overall stiffness matrix, 
and {0} is the displacenent vector .
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5.3.3 Elanent formulation
Considering one finite elanent of a discretized structure, from Hooke's 
law the stress is given by;
{o} = [D] {€} 5.5
where {(%} are stresses at the extranities, 
[D] is the elasticity matrix, 
and {e} are the strains at the extranities
The elasticity matrix [D] is given by ;
[D] = E 
(1-
1 V 0 5.6
u 1 0
0 0 (1-y)
where E is the modulus of elasticity, 
and V is Poisson*s ratio.
for a plane stress solution.
Letting P == E/1- V and q=(1--v)/2
! 1  ^1 0 }
[D] 1p \ V 1i 0 i
I 0 0 q 1
Using equation 5.2 and eliminating {6} gives
{0-} = [D] [f] {0} 5.7
From 5.1, (P) = Î [f] dv {0}vol 5.8
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Equation 5.4 states {P} = [K] {ô}
therefore, by definition
[k.] = J[f]^[Dl [f] dv 
vol 5.9
where [k^ ] is the elanent stiffness matrix.
The approach used in the determination of the elanent stiffness matrix is 
to firstly assume a displacement function {u} in which the displacanents 
at the extremities are approximated by a polynomial expression. Generally, 
expressions using a complete polynomial from the Pascal triangle (table 
5.1) give adequate displacement functions. The choice of the polynomial
rs 21is governed by certain rules * but essentially, every mutually 
independent canponent of displacement associated with an element, will be 
assumed as a polynomial defined by a series of unknown constants. The 
strain function [f] is then determined from {u} by differentiation.
This procedure can be illustrated by taking the ecample of a particular 
finite elanent. In this project it was required to carry out analysis by 
the finite element method on structures consisting of an assonbly of basic 
pyramid units. Because of the geometry of the unit, a triangular finite 
element was favoured for the discretization of the proposed structures.
X y
2 2 X xy y
Quadratic terras for 
the linear strain 
triangle formulation
3 2 2 3X  X y  XV y
. . .  etc. . . . .
TABLE 5.1 The Pascal triangle
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Since the bending action in the structures to be analysed was to be 
considered as negligible, only membrane action needed to be considered. In 
this case the elemmt chosen needed to have only two degrees of freedom at 
each ^trenity.
A. family of triangular finite elements are available that would suit these 
requirements, the simplest being a three noded constant strain 
e l o n e n t . H o w e v e r  a higher order elonent, giving the advantage 
of more accurate solutions for a less fine finite element subdivision, was 
preferred. Thus a six-noded triangular elonent was used, similar to the 
one described by Fraeijs de Veubeke, which has a full quadratic
displaconœt function and hence a linear strain distribution within the 
element. This elonoit is shown in figure 5.3.
The displacement function for this elonent is rpresented by ;
{0} = { u(x,y) 5.10r 'j 
lv(x,y) j
where u and v are polynomials in x and y .
With reference to the Pascal triangle these terms are ;
2 2u = aQ+ a^x + SgY + a^x + a^xy + a^y _ 5.11
V = 3g+ a^x + agy + a^x^+ a^^xy + a^^y^
These equations can be written in matrix notation as ;
{0} = [M] {A} 5.12
Twhere {A} = {a^ a^ a2 a^ a^ a^ a^ a^ a^ a^ g^ a^^} 5.13
and [M] = Î 1 X y xy y^ 0 0 0 0 0 0 Î 5.14
10 0 0 0 0 0 1 X y xy y^ I
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The displacements at each extremity can then be obtained by substituting 
the coordinates of the extremity into these equations . Thus ;
" - Yg) = *0 + + ... + y^
V = V(x^, y^) = ag + Xg + ag y^ + ... + a^^ y/
etc. .
5.15
In matrix form this can be written as ; 
{ÔJ = [C] (A) 
where {0} = 
and [C] = I
0 0 0 0 0 
2
0 0 0 0 
2
''c •> ■ V ^
V a Ya' 0 0 0 0 0 00 1 a^ ^a V a  ^a^
V b 0 0 0 0 0 00 0 1 b^ ^b \  V b  b^^
V c c^^ 0 0 0 0 0 0
0 0 1 e^ 2 20 0 0 0 0 0
0 0 1 X f Yg x/ X g Y g  y /
0 0 0 0  
2
From two dimensional linear elasticity the strains within the element are 
rpresented by ;
5.16
5.17
5.18
= I eX X
■yy
'xy
du
f
,.37'ou + dv
BŸ 3x
5.19
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Differentiating the displacement function according to the scheme of 
equation 5.19 gives ;
{€} = 0 1 0 2x y 0 0 0 0 0 0 0 1 {A} 1 5.20
0 0 0 0 0 0 0 0 1 0 X 2yl\
0 0 1 0 X 2y 0 1 0 2x y 10 1
In matrix notation ,
{€} = [N] {A} 5.21
From equation 5.2, which equally well applies to a single two-dimensional 
element, and using equation 5,16 and 5.21,
[N] {A} = [f] [C] {A} 5.22
[f] = [N] [C h
5.23
From equation 5.9 ;
[k^ ] = J[NC"^]'^[D] [NC~^1 dv
vol
[k^ ] = t j|[c"l]T[N]T[D] dxdy
area
where [ k 1 = J[N]^[D] [N] dxdy
area
5.24
5.25
Since the triangular element in question is a six-noded one with two 
degrees of freedom at each extremity, the matrix [k^ l will be a 12 by 12 
matrix. Six actremities indicate that the element stiffness matrix can be
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thought of as consisting of thirty six, two by two submatrices. These 
sukxnatrices are the basic building blocks of the overall stiffness matrix 
[K] of the structure.
The assembly of the overall stiffness matrix follows a distinct set of 
rules and is detailed in section 5.3.10. This process may be termed 
"planting".
5.3.4 Integration
The integral of equation 5.25 is often evaluated by numerical integration 
methods. However, since in this case it is relatively straight forward to 
evaluate the integral exactly, this procedure was adopted.
The integration is greatly simplified by taking the origin of the x and y 
coordinates for the element at the caitroid of the element. Integration 
over a triangular area for integrals such as ,
Jx"' y*^  dx dy 
area
are given by standard results. (5.21
The full result of the integration carried out is presented in table 5.2. 
This gives the [ k ] formulation for the six-noded triangular element 
shown in figure 5.3 .
TABLE 5.2 The matrix [ k ] for the six-noded, linear
(overleaf) strain triangular finite elemeit.
<*a' ’'e' etc. are the local coordinates ofthe extremities for the origin at the centroid, 
p = E/1- ,
q =(l-Â')/2 '
and A  = area of the element. ) .
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5.3.5 Elément formulation for orthotropic material
As described in section 4.4.3, the fold regions of pyramid units 
manufactured in S.M.C material could be thought of as quasi-orthotropic. 
In order to have the ability to model these areas accurately in the finite 
elonent analysis, a triangular plate element with orthotropic properties 
was required.
For an orthotropic material, equation 5.5 becomes ;
{a} = [DM {e}
where
Since,
or.X X
yy
^xy
U,
E
and putting
 E XX yy
E
EX X
^’ ^xy ^yx 
^x ^xx 
^ *xy "yx
yy
equation 5.26 becomes ;
-JiaLja—  °
*'yx 
"-"xy "yx
xy
X X
■yy
xy
5.26
'X X
yy
xy
X X
1-n Vyx
V E _yx XX_
1-n Vyx
p E  yx__xx
X X
"(1-n Pyx )
0 I eI  X X
0 /  e< yy
0 / ef xy
xy
5.27
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Hence
or
^YYi
'xy
% x
%  
^y
EX X
1-n Vyx
P'
[D'l = p'
! 1 ^yx 0
1 ^yx % 0
i 0 0 ^xy
1 1 *'yx 0
j V '/n 0
! 0 0 q*
is then.
1 1 ^yx 0
j yx % 0
i 0 0 q'
yx
X X
X X
'yy
"xy
X X
"yy
-xy
5.28
5.29
If the matrix operations and integration of equation 5,25 are carried out 
with this [O'] matrix inserted, then [ k ] for the orthotropic element 
results. This matrix is shown in table 5.3 and is integrated explicitly 
as before.
TABLE 5.3 The matrix [ k ] for the six-noded, linear
(overleaf) strain triangular finite elonent with
orthotropic material properties.
(x^ , x^, x^, etc. are the local coordinates of 
the extremities for the origin at the centroid,
p = "yx^q = G^y(l-ni'y^2) ,
^ ~ ^xx^^yy 'and A  = area of the element. )
— Ill —
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5.3.6 Skeletal element
The structures to be modelled involved a third type of finite el ment to 
represent the skeletal menber joining the apexes of the pyramid units. In 
the absence of bending, the el ment required is a simple pin jointed space 
frame member and this is also shown in figure 5.3. The stiffness matrix 
of this el ment is known explicitly as ;
[ki]
where a 
and h
i % - %
E {
I ■% %
5.30
cross sectional area , 
length of member .
5.3.7 Transformation to global frame
The el ment stiffness given equation 5.24 has been established relative to 
a local cartesian coordinate frame for the el ment, where the local x-axis 
is parallel to the line of extrmities a, b, c (see figure 5.3). Should 
this local coordinate frame correspond with the global set of coordinates 
chosen for the structure, then the elment stiffness matrix is ready for 
assembly into the overall stiffness matrix [K]. However in a three 
dimensional structure, generally this will not be the case. The el ment 
stiffness must therefore be transformed to the global cartesian frame 
before the assembly procedure or "planting" takes place.
For the element extremity displacements, the transformation will be 
defined as ;
(5} = [t] [Ô'} 5.31
where now the unprimed vectors refer to the global frame and primed 
vectors refer to the local frame.
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The form of the transformation matrix [t] is ;
[t] =
where [X] =
1 '\x: 0
I 0
} X X * xy* xz*
! yx* yy' yz*
Î zx* zy* zz*
and terms such as xx' indicate direction cosines. 
Hence , {g'} = [t”"^ ] {6}
Since [t] is an orthogonal transformation then ;
[t'^i = [t]T
Therefore , IÔ } = [t]^{§}
From equation 5.4 ,
{P’} = [k^ ] {0} 
Pre-multiplying by (t], gives ;
[t] {P'} = [t] [k.] (5'}
Using equation 5.35 gives ;
(P'} = [t] [k^] [t]T(5}
Therefore ""iliobai = [ki'
T
where [k.] is the global stiffness matrix for the element.1 global
5.32
5.33
5.34
5.35
5,36
5.37
5.38
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The transformation may also be considered as an operation on the overall 
stiffness matrix [K] where;
tk'globa. = [T]"^
The form of the transformation matrix [T] is ;
[t] [t] 0[t]
0 [t]
It is, however, more convenient to apply the transformation procedure to 
each submatrix of the element stiffness matrix in turn.
5.3.8 Elimination of local axes to global axes inccmpatibility
At this point a difficulty arises. Ihe submatrices of [k^], as mentioned 
above, are 2 by 2 matrices as defined by the local axis set in two 
dimensions x' and y'. The global axes, however, are x, y and z and thus 
global stiffnesses must be defined in these three coordinates. The 
transformation matrix [X] is a 3 by 3 matrix where local z' may be thought 
of as being perpendicular to the element plane x'-y* and forming a right 
handed system with the x' and y'. To make the matrix multiplication of 
the submatrices of the el orient stiffness matrix with the transformation 
matrix possible, an extra row and column are added to each submatrix to 
represent the missing z' direction information. This has no effect on the 
value of stiffness for the element, since there remain no z* terras in the 
formulation, but the matrix operations described can now take place.
This procedure produces perfectly satisfactory results at the junction of 
two inclined elanents. The stiffness matrix for the element [k^ ] in local 
coordinates is established with respect to two degrees of freedom at each 
extremity. After transformation to global coordinates, at the junction of 
two inclined elements, equilibrium is satisfied with respect to three 
degrees of freedom ie. three independent equations in the global frame are 
formed from the four equations in the local frame.
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However, a problon does occur at the junction of two coplanar elements. 
Although each elonent contributes two equations in local coordinates, only 
two independent equations are formed in the global frame after 
transformation because the local coordinate frames of each coincide.
With the establishment of equilibrium in the three global directions at a 
common node three equations are formed but two of these are dependent 
giving insufficiency and hence a singularity results.
The problem can be envisaged in qualitative terms as the continuum 
becoming totally ball jointed at the nodes and thus having no lateral 
stiffness. To prevent this occurring, it is necessary to introduce some 
nominal lateral stiffness in the out-of-plane direction.
In the local coordinate frame than, the equations become ;
{P'} = ki(2,l) ki(2,2) ° 
0 0 w
(6'} 5.39
where w is the out-of-plane stiffness ,
In the local set there are three ind^endent equations for each element 
which result in, after transformation, three independent equations in the 
global frame. This out of plane stiffness should therefore be added at all 
common nodes of coplanar elements.
Any value for this out of plane stiffness that did not give 
ill-conditioning of the overall stiffness matrix, would have been 
suitable^ Since ill-conditioning in this respect would be likely to occur 
due to the difference between highest and lowest terras of the matrix, a 
value of out of plane stiffness was used that was tied to the other 
stiffnesses within the matrix. After some investigation it was found that 
a value for the out of plane stiffness of ,
n
n j=l
produced a well conditioned overall stiffness matrix [K] .
5.40
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The procedure outlined above is similar to that suggested by 
F5 31Zienkiewicz' * when allowing for in-plane rotations in shell elements.
5.3.9 Transformation of skeletal member stiffnesses to the global frame
For skeletal members that did not align with the global coordinate frame, 
a transformation of the element stiffness matrix was necessary. In order 
to define the local coordinate frame for the member, the x'-axis was 
always taken to be along the member. Local y' and z* remain arbitary, 
however, as lor^ as they form an orthogonal system with the global frame. 
To fix these axes, local y* was taken to lie in the global x-y plane with 
z' forming a right handed system and lying on the positive side of the x-y 
plane. In the circumstance where x’ lies along the global z direction, 
this system becomes undefined and here the y '-axis was taken to be 
coincident with the global y-axis.
This definition is sufficient to describe the transformation necessary 
between local and global reference frames for members of circular cross 
section. For, members of more general cross-section, account has to be 
taken of the angle of the principal axis of the section to the global 
frame. This was not catered for in the program described here.
5.3.10 Assembly of the overall stiffness matrix
The individual element stiffness matrices were calculated for each element 
in the structure in turn in global coordinates and then planted into the 
overall stiffness matrix for the structure. In this planting procedure the 
importance of dividing the element stiffness matrix into submatrices 
becomes apparent. The procedure adopted is as follows.
If extremity j of the element is attached to node L of the structure and 
extremity k is attached to node M and both j and k belong to the same 
element i, then the submatrix k.,. will add its stiffness into row L1 \j f k;and M of the overall stiffness matrix [K] .
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A special case of this is when extremity j of an element is attached to 
node L of a structure; then submatrix k. will appear in row L and
column L of the overall stiffness matrix [K] .
5.3.11 Computer programming considerations for the solution
Since the overall stiffness matrix is symmetrical, only one symmetrical 
half of the matrix needs to be stored for the solution to proceed. 
Further, the overall stiffness matrix generally exhibits banded properties 
thus allowing further reduction in storage if null regions of the matrix 
are ignored. In the routines developed for the program, the half band 
matrix was stored, held within the program as a two-dimensional 
subscripted variable or array.
The known quantities of the foree-displacament (equation 5.4), are the 
applied nodal forces. These are assembled into an overall load vector and 
held in a subscripted variable. The overall stiffness matrix and the overall 
load vector are then used together to solve for the nodal displacements of 
the structure. A straightforward Guassian elimination technique was used 
for the solution.
5.3.12 Application of restraints
Before this solution can take place, however, the known restraints to the 
structure imposed by the support conditions must be applied. If this is 
not carried out then the set of equations is singular and cannot be
solved. By applying the restraints such that all possible rigid body
motions are removed, a solution can take place. To achieve this the 
equations relating to those degrees of freedom restrained are effectively 
removed from the array of the overall stiffness matrix by replacing all
rows and columns relating to these freedoms by zero except in the main
diagonal position which receives an arbitary positive value. These 
restraints on the structure may be as the result of the supports provided 
or may be present to represent symmetry conditions.
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5.3.13 The use of symmetry
Problem solution can be made more efficient by the use of planes of 
symmetry where they exist in a structure. Here, restraint conditions are 
used to simulate the presence of the remainder of the structure at the 
symmetry boundary. Generally, however, once the stiffness matrix has been 
established in global coordinate frame then restraints can only be applied 
in the global directions.
Use of several lines of symmetry may involve the application of restraints 
in directions other than in the global coordinate frame. Such restraints 
at a node that are nonconformable can be dealt with, provided that the 
equations in the overall stiffness matrix associated with that degree of 
freedom are transformed to the axis system in which the restraint is 
required. It becomes necessary therefore to introduce the concept of a 
node coordinate system.
A transformation between the global frame and each node coordinate frame 
is established where ;
{(5} = [#] {<5"} 5.41
or {(5"} = 5.42
Thus {P} = [$] (P") 5.43
and {P") = ®'^{P} 5.44
provided the transformation is orthogonal .
It is possible to establish such a matrix transformation at each node in 
the structure, but for those nodes that are free or have restraints that 
conform to the global frame the transformation is the identity matrix. 
Only where the nodal support is nonconf o rmabl e is there a real 
transformation.
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Hence the transformation matrix has the form for example;
[$) =
[(p]m [I] 0
[I]0 [(p\
5.45
where
and
[<p] is a transformation 
[I] is the identity matrix
From equation 5.4,
{P) = [K] (6}
then
writing this as , [$]^{P) = [I] {6}
(P"j= [$] [$]T(6)
[P"}= [$]'^ [K] [$] {(5"} 5.46
The above system of equations represents the familiar relationship between 
the external load and the nodal displacement of the structure with the 
property that the system is not relative to the global coordinate frame 
but the equations corresponding to each node are relative to each of the 
associated node coordinate frame.
In the type of problems to be solved it was only necessary to provide for 
nodes that were nonconformable in plan. Thus the z global direction was 
always taken as vertical and common to all node coordinate systems.
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In practice, within the program, each submatrix associated v;ith a 
nonconforming node was operated upon after the element stiffness matrix 
was formed and before planting, rather than operating on the whole overall 
stiffness matrix. The latter method would of course have been very 
wasteful on computing resources.
The submatrix rows of the element stiffness matrix associated with a 
nonconforming node are pre-multiplied by [p>] and the submatrix columns 
of the element stiffness matrix associated with the node are 
post-multiplied by [cp] . The load vector P must also be modified by 
pre-multiplying the sub-vector of each nonconforming node by [^ ]*^ .
Utilizing several lines of symmetry in the way described leads to more 
economical analysis and allows larger problems to be tackled than would 
otherwise be possible. However, a problem is encountered if a line of 
symmetry bisects a skeletal member.
5.3.14 A treatment for skeletal members bisected by a line of symmetry
Should the bisection of a skeletal member occur, as the program stands, 
the only way to prevent a singularity in the overall stiffness matrix from 
occurring would be to fully constrain the cut end of the skeletal member. 
Clearly as the cut end in the original structure would in general be able 
to displace, the mathematical modelling is incorrect.
Since it is necessary to consider the effect of applying symmetry, the cut 
end of the member must by definition be at the centre of the member, and 
in the absence of bending, must displace as does the apex of the pyramid 
to which it is attached. The solution to the problem is to modify the 
stiffness matrix so that equality of displacements is forced between the 
apex and the cut erd.
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The effect is to create by the application of a transformation a new 
degree of freedom such that;
(<52 - (5^ ) = 0
since
where
and
2^ " displacGmoit at the cut end, 
(5^ = displacement at the apex.
which can then be restrained to prevent singularities occurring.
The procedure is to form new equations involving the new degree of freedom 
(^ 2 ~ ^1 ). By treating the operation as yet another transformation the
desired effect can be achieved. [5.7]
In general ;
hence
[à] = [iAKôl 
{ô*}= 16}
5.47
5.48
where
such that ;
6* = displacements in the nav degree of freedom
\.7
1 0 0 0 0 0 
0 1 0 0 0 0 
0 0 1 0 0 0 
1 0  0 1 0  0 
0 1 0  0 1 0
0 0 1 0 0 1
;(02 - 
' (^ 2 " ^i)y 
(62 - 0^)z
5.49
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As in other transformations, the stiffness matrix is transformed by 
[K] [\p] giving equations that are now represented in the new degree 
of freedom. The new degree of freedom is then restrained in the x,y and z 
directions, but the new equations ensure that the cut aid displaces as the 
apex does.
It should be noted that the cut end of a line member may also be a 
nonr-conformable support. In this case it is necessary to make the apex 
non-conformable prior to forcing the equality of displacements.
5.3.15 Calculation of stresses
Once the nodal displacements have been computed, the stress within each 
individual triangular element can be obtained.
Using, {a} = [D] {€}
and (6'} = [C] {A}
giving {A} = [C”^ ]{6'} , 5.50
and since {€} = [N] {A}
this results in;
{ff} = [D] [N] [C"l] {#} . 5.51
Thus the displacements for the nodes to which the extremities of the 
element are joined must be selected from the overall displacement vector 
and the matrix operations described in equation 5.51 carried out. The 
displacements must firstly be transformed back to the local frame which 
may generally involve two transformations, ie., from joint coordinates to 
global and from global to local coordinate frames.
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The force within each line member is found similarly. Here, however, a 
further transformation may be involved to return to global frame from the 
forcedr-^uality-of displacements frame to obtain;
{F} = [k^ j {(5'} 
vrfiere {F} is the internal force vector .
5.3.16 Calculation of reactions
Unknown reactions at all nodes may be obtained if required by applying the 
fundamaital equation ;
{P} = [K] {0} ,
but generally only reactions at true supports will be required.
5.4 Program Limitations
5.4.1 General
The theoretical procedures detailed above were used to produce.a ccsnputer 
program in the FORTRAN programming language. Development was carried out 
exclusively on the PRIME minicomputer instalation at the University of 
Surrey.
5.4.2 Dimensioning of Arrays
The use of subscripted variables or arrays to represent vectors and 
matrices was fundamental to the structural analysis program. The 
dimensions of these arrays had to be declared for each analysis carried 
out. Arrays were needed to represent {P},(6},[K],[k^], etc. as well as a 
number of working space arrays for operations such as multiplication. By
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far the largest array required was the overall stiffness matrix, which 
when stored in its semi-band ed form and had the dimensions of ;
(NON X NDF , (MND+1) x NDF)
where NON is the number of nodes in structure
NDF is the number of degrees of freedom per node
MND is the maximum node difference on any one element .
If an example is taken of a structure incorporating 500 nodes, with 3 
degrees of freedom per node this would indicate a total of 1500 degrees of 
freedom for the analysis. For a well ordered mesh the semi-bandwidth
would be in the order of 15% of the total number of degrees of freedom,
say 225.
The array required to hold the overall stiffness matrix will therefore be 
1500 by 225. Since double precision arithmatic is required to retain the 
necessary degree of accuracy in carrying out a solution, 8 bytes of core 
will be necessary for each element of the array. This indicates that 3.275 
Megabytes of core would be required to hold the overall stiffness matrix 
for this analysis.
The maximum core allowable on the machine in use was 4 megabytes so, 
making allowance for the core needed to hold the other arrays involved and 
the program itself, this problem cited would be somewhere near the maximum 
problem size.
For probi ans involving larger numbers of nodes, the bandwidth would have 
to be smaller than the average 15% of total degrees of freedom in order 
for a solution to proceed. A bandwidth optimisation program which might 
have allowed the achievement of smaller bandwidths, unfortunately, was not 
available.
The amount of core available never-the-less can be regarded as quite 
substantial and it was this factor that determined the type of solution 
strategy that would be programmed, ie., Guassian elimination operating on
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the seami-banded overall stiffness matrix. Although the core available can 
be divided into real and virtual, on the PRIME computer used, this is 
essentially transparent to the user.
Because of the very large core size permitted by the machine on which the 
program was to run, this was thought to be adequate. However, this was 
still to prove a limitation on problem size and more efficient solution 
procedures might have been adopted, such as partitioning of the overall 
stiffness matrix, so that only part of it need be held in core at any one 
time, or the use of a frontal s o l u t i o n . G e n e r a l l y ,  however, the more 
sophisticated computer programming techniques reclaired to code these 
methods was beyond the scope of this current project.
5.4.3 Omission of bending terms
The omission of bending terms from the formulation of the finite elonents 
used in the program clearly introduced limitations. Consideration was 
given, therefore, to the incorporation into the program of a continuum 
element with both bending and in-plane actions, once the program as 
described in section 5.3 had been completely coded. This would have 
produced a program with a wider range of applications and in particular 
would have allowed analyses to be carried out to quantify the error 
introduced by the omission of bending. More general types of loading 
arrangemait would have also have been possible.
Elements of this type have been reported (see for example reference 5.8), 
but a search of the literature did not reveal an element formulation that 
fitted the author’s program organisation. Rewriting the program to be 
more geieral was beyond the scope of the current project.
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CHAPTER 6
VALIDATION OF THE FINITE ELEMENT PROGRAM 
AND TESTING OF SCALE MODELS
6.1 Validation Programme
The computer program described in Chapter 5 utilised the finite element 
method to provide a structural analysis capability for full scale 
structures in S.M.C, material. Before the program could be used to 
predict the behaviour of these structures under apex loading, a thorough 
testing and validation programme was required.
This validation was carried out by the comparison of the results obtained 
using the finite elonent solution with;
a) Exact analytical solutions of simple structures, and
b) Experimental results obtained by the testing of model structures.
By carrying out this procedure it was hoped to verify that the operation 
of the program in all respects was correct and to confirm that the basic 
assumptions made in section 5.2, would produce acceptable solutions. The 
tests on models would also provide valuable experimental data on the 
performance of the type of skeletal/continuum structures under 
consideration.
The validation procedure was carried out in four phases.
(i) Checking of in-plane analysis capability against analytical results,
(ii) Comparison with tests on perspex models,
(iii) Comparison with tests on prototype models in S.M.C..
(iv) Comparison with tests on a full size model in G.R.P..
This present chapter deals witli the phases (i) and (ii) of this procedure. 
Phases (iii) and (iv), involving tests on structures consisting of G.R.P.
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material are of interest beyond the validation procedure giving an 
indication of how the material performs in practice. These phases are 
dealt with in detail in Chapter 7.
6.2 Comparison with Analytical Solutions
6.2.1 Two-dimensional analysis
Firstly, the program was tested against a series of theoretical solutions 
for membrane action in simple structures. Presented here is a comparison 
of results obtained for a cantilever beam under end shear, as shown in 
figure 6.1.
Element
Type No, of Elements No. of degrees of freedom Tip Deflection (ram) Stress.* (N/mm )
Linear Strain Triangle 32 170 5,32 591,0
It 128 594 5.34 596.0
Constant ^ Strain Triangle 128 160 4.58 512.2
It 512 576 5.13 573.4
Linear Strain Triangle 32 160 5,33 591.4
tl 128 576 5,34 600.2
Quadratic ^ Strain Triangle 8 68 5.31 589.7
tl 32 214 5.33 598.4
TheoreticalResult - - 5.34 600.0
A-
TABLE 6.1
* At X = 120mm, Y = -60mm position 
+ After Brebbia and Connor [6.1]
Comparison of the performance of the 
finite element formulation used v/ith other elements and the theoretical result for a cantilever under end shear (see figs. 6.1 and 6.2),  ^ j
/
t-i
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Two mesh densities were investigated, shown in figure 6.2. Table 6.1 
shows results at key points on the finite element model compared to the 
theoretical result . Also given is a comparison with various different 
finite element solutions, after Brebbia and C o n n o r . F i n a l l y ,  
diagrams of bending stress and shear stress for the finite element 
solution compared to theoretical solutions are given in figures 6.3(a) and 
6.3(b).
Agreenent between the results is generally very good with shear stress for 
mesh 1 differing by 14%, the bending stress showing almost exact agreonent 
and the displacement at tlie tip is only 0.3% in error. For mesh 2 the 
results were improved as would be expected for the finer mesh. The ability 
of the finite element formulation to predict in-plane behaviour in the 
membrane was thus verified. In general, the matrix operations dealing with 
the formulation of the stiffness matrices and the solution procedure 
within the computer program were shown to be performing correctly.
6.2.2 Three-dimensional analysis
Since the above example was a plane structure lying in the x, y plane, the 
small out-of-plane stiffness was not needed to prevent singularities 
within the overall stiffness matrix. To check that the use of this 
feature of the program would not disturb the results, further analyses 
were carried out.
The plane structure detailed above was randomly orientated with respect to 
the global axes system and the shear applied in the plane of the 
structure. Use of the out-of-plane stiffness was now necessary to prevent 
singularities in the overall stiffness matrix, as described in section
5.3.8.
Results for the stress within the material were identical, and the value 
of tip deflection, in the plane of the structure was the same. Results 
were not influenced, therefore, by the value of out-of-plane stiffness. It 
was by this, and other simple analyses , that a value for the out-of-plane 
stiffness was established that produced no ill effects on the overall 
stiffness matrix of the structure.
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Clearly, since identical results were obtained, this example also tested 
the ability of the transformation operations within the computer program 
to convert element stiffness matrices from local to the global frame of 
reference.
6.2.3 Skeletal frame with nonconformable supports
A further plane problem was analysed to check on the routines dealing with 
skeletal elements alone and the ^ use of nonconformable or skew supports, 
To verify the operation of these program functions an example, after 
Nooshin^^*^-, was used, which is shown in figure 6.4. Using the finite 
element program, identical results were obtained to those produced by hand 
calculation.
6.3 Comparison with Experimental Results from Perspex Models
6.3.1 General considerations
Since the finite element program had been primarily written to analyse 
three-dimensional systems (with simplifying assumptions) it was required 
to estimate the accuracy of the program in producing solutions for this 
type of problem. In particular, solutions for structures involving a 
series of basic continuum units combined with skeletal members were 
required . To test the program's ability to predict the behaviour of this 
type of structure, a series of perspex models were prepared.
Perspex was chosen for the construction of models because of its material 
properties. This material closely approximates to isotropic and 
homogeneous, and has a value of modulus that allows reasonable deflection 
to be produced at moderate loads. In addition, the adhesive used in the 
construction of the models achieves a "cold weld" between adjacent parts 
thus ensuring continuation of material properties across boundaries of 
bonded sections. One problem was, however, that perspex is subject to 
creep. This was overcome by using short loading duration and low loads.
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For the structures, a series of basic pyramid units were constructed. 
They were then joined directly at the flanges and by tubular monbers at 
the apexes. The whole of each structure was thus of the same material. 
The modulus of perspex was taken as 3500 N/mm^ and its Æissons ratio as 
0.35.
Once the models were assembled, resistance strain gauges were attached to 
the surface of the continuum and on the skeletal monbers in various key 
positions. Also, displaconents were measured either with dial gauges or 
L.V.D.T. type displaconent transducers. Results from strain gauges and 
L.V.D.T.s were collected using high speed electronic data logging 
equipment giving output to punched paper tape in ASCII code. A channel 
speed of 5 readings per second was used to avoid long periods of load. 
Readings were taken for the initially unloaded condition, at application 
of load or load increment, and finally, once again at unload. The affect 
on strain within the structure due to the load applied was thus 
determined. The results on punched tape were then transferred to a 
mini-computer for reduction using post processing programs. In all cases, 
the results presented here are the average of several test cycles.
6.3.2 The perspex models
The simplest structure of the type under consideration, is one consisting 
of two pyramid units joüi^ at one flange and connected at the apexes by a 
single skeletal member. This was the structure chosen for investigation 
first of all and a photograph of the model is shown in figure 6.5.
hs a more rigorous test for the finite element program, there was a need 
for structures incorporating a greater number of pyramid units. 
Consequently, a model involving sixteen pyramids was manufactured. This 
model consisted of a flat assemblage, triangular in plan, with, once 
again, the apexes connected by a series of tubular members. A photograph 
of the model is shown in figure 6.6.
As final verification of the computer program using perspex models, a more 
ambitious model was planned using eighty pyramid units. The model was 
similar in design to one suggested by Stephenson. This model
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consisted of five flat panels of sixteen units each, assembled to form a 
pentagonal based pyramid. A photograph of the model is shown in figure
6.7.
6.4 Two-unit Model
6.4.1 Preparation of model
The likely maximum size of a pyramid unit in S.M.C. would be in the order 
of 2m side length. Bearing this in mind, this first perspex model was 
constructed in approximately one quarter scale, having an actual side 
length 520mm. A side length to height ratio of 4:1 was chosen as a 
suitable standard to begin with, giving a height for this model of 130mm 
(excluding a 20mm flange depth). Pyramids were constructed from 1.5mm 
thick perspex sheet. A 12mm diameter perspex tube of 1.9iran wall thickness 
was used for the skeletal memba:. Hangers were provided at the apexes of 
the pyramids to enable loading by weights.
The model was simply supported with a knife edge and a roller at opposite 
ends of the span. Ideally, the supports for the model should have been at 
the extremes of the span to achieve the required interaction of the 
pyramids and the line monber. However, in practice this is difficult to 
achieve as the structure becomes a mechanism. A configuration was 
attempt ed with light spring supports at the other two corners, but, the 
model still proved unstable. Supports were finally provided on the flange 
edges 67.5mm from the ends of the model, thus reducing the span by 15%. 
The perspex model was then perfectly stable, having 4 support points.
Resistance strain gauges were attaches to the model as shown in figure
6.8. Dial gauges were used to measure displacements along the central 
flange.
6.4.2 Testing
A simple test procedure was devised for this model, wherdby both apexes 
were loaded with 5kg weights simultaneously. Care was taken not to 
introduce any dynamic loading.
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6.4.3 Finite elanent analysis
For comparison with these results a finite element solution was obtained. 
Because of the model structure's simple nature it was possible to use a 
series of progressively finer finite elanent meshes in order to determine 
the nature of convergence of results. Use was made of the longitudinal 
plane of symmetry of the model in prparing the meshes. These meshes are 
shown in figures 6.9 to 6.12.
The use of symmetry of the structure, divides one face of each pyramid in 
two. For the purposes of subdivision into a finite element mesh, this 
effect was retained in the whole faces, dividing them firstly into two 
before continuing with the meshing. This was considered to produce the 
best mesh subdivision for this structure. An added advantage of this type 
of mesh subdivision is that a double line of elements is produced running 
parallel to the pyramid folds which were later used for representing 
varying material properties, (this is illustrated in figure 8.12). This 
type of m æ h  was retained wherever possible throughout this investigation.
Although the placement of supports for the actual model was satisfactory, 
unfortunately this was not so for the finite element representation. 
Support could only be provided in the mathematical model at available 
nodes. For the series of regular meshes planned , a conveniently sited 
node was not always available. Local distortion of the mesh to provide a 
support point proved to affect the results. The results were also 
dependent upon whether a midside or a corner node was chosen as a support.
Because of these difficulties the mathematical structure was supported at 
the extrones of the span (a perfectly stable arrangement using symmetry). 
When comparing analytical solutions and experimental results, therefore, 
some variation was to be expected because of the differing spans.
This compromise procedure for obtaining comparison of strain and 
displacement was thought to be reasonable bearing in mind the simplicity 
of the model, making it ideal for this initial investigation. Stresses 
within the material remote from the true support points would not be too 
dissimilar for the two types of support condition.
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6.4.4 Results
The experimental results for all gauges on the two-unit perspex model are 
given in table 6.2. Compressive strains are shown as negative values. 
In-plane strain and bending strain have been isolated by applying standard 
formulae. The sign conventions implied in this table have been maintained 
throughout for all tests including strain gauges.
Gauge * Position Strain in Top gauge (pstrain)
Strain in 
Underside gauge (pstrain)
In-planeStrain(pstrain)
BendingStrain(pstrain)
1 — 84 + 41 - 22 - 622 — 5 - 15 - 10 + 53 + 63 + 36 + 50 + 134 -379 -514 —446 + 685 -135 -393 —264 +1296 + 71 -263 - 96 +1677 —429 -365 -397 — 328 -325 -314 -320 - 59 -263 -211 -237 — 2610 -398 -385 -392 - 611 -310 -303 -306 - 412 -248 -223 -234 - 1213 -382 —248 -315 - 6714 -158 ”313 -236 + 7815 +131 -173 - 21 +152
TABLE 6.2
*See fig. 6.8 for gauge positions
Experimental results for the tests on 2-UNIT perspex model.
Table 6.2 shows that the highest in plane strains were recorded near the 
folds of the model that run parallel to the span. Strain is highest at the 
fold, decreasing with distance away from the fold. This is illustrated in 
figure 6.13 showing the strain profile at the fold. Analytical strains 
calculated from the meshes 1 to 4 for this problem given in table 6.3 are 
also shown, illustrating their comparison with the experimental values. 
The results compare to within 15.2% on average at the fold itself.
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Mesh
No.
1
[Position1111
[Perpendicular 
[distance from[fold (mm)11
[Stress 
[Parallel [to fold 1 (N/mm"^ )
[Stress
[Perpendicular [to fold _
I (N/mm )
[Strain 
[Parallel 1 to fold 
[(pstrain)
1 1 N 18 Î 0 [ -1.889 [ +0.024 [ -5371 E 23 [ 18 } -1.279 [ -0.016 1 -3651 N 17 [ 26 1 -1.265 [ -0.190 [ -3071 N 23 [ 52 [ -0.354 [ -0.026 [ -109
2 i N 25 [ 0 1 -1.808 1 -0.050 1 -516! E 32 [ 26 [ -0.995 [ -0.001 I -2841 N 31 I 40 I -0.590 [ -0.019 [ -168Î E 33 1 52 1 -0.276 1 -0.019 [ - 79
3 \ N 33 1 0 [ -1.852 [ -0.008 [ -5291 E 53 1 12 [ -1.497 1 -0.015 1 -4271 N 40 1 32 [ -0.827 I +0.005 [ -236{ N 39 [ 48 I -0.287 1 -0.060 1 - 82
4 Î N160 1 0 [ -1.816 [ -0.029 [ -5191 N 90 [ 14 [ -1.409 [ -0.044 I -4021 E 66 1 18 1 -1.260 [ -0.001 1 -3601 N 92 [ 26 [ -0.978 1 +0.004 [ -2791 N 91 [ 40 I -0.599 [ +0.036 1 -171
TABLE 6.3 Summary of analytical stresses near to fold for 2-UNIT perspex model.
* N refers to node position E refers to el orient centroid.
It should be noted that the bending strains recorded by the gauges near 
the folds are low, as anticipated. Low in-plane strains were recorded at 
the centroids of the faces of the units.
The analytical results obtained are summarised in table 6.4 and compared 
to experimental results. Results compare favourably in the high strain 
regions of the model. Percentage variations are given as how much greater 
or less the analytical results are from the experimental. This convention 
is maintained throughout for all tests including strain gauges. Agreonent 
between analytical and experimental results is more difficult to achieve 
in the low strain region because of the difficulty in measuring small 
strains accurately. Where percentage differences are high, however, the 
absolute variation is generally only a few micro-strain.
138 -
GaugePosition Experimental In-plane Strain (pstrain)
Analytical In-plane Strain (pstrain)
AbsoluteVariation
(pstrain)
%Variation
1 - 22 — 16 6 -37.53 + 50 + 37 13 -35.14 -446 -388 58 —14.95 -264 -230 34 -14.86 - 96 - 62 34 -54.87 -397 -497 70 +14.98 -320 -377 57 +15.19 -237 -285 48 +12,710 -392 -467 75 +16.011 -306 -377 71 +18.812 -234 -285 51 +17.913 -315 -388 73 +18.814 -236 -230 6 - 2.615 - 21 — 52 41 +67.2
TABLE 6.4 Comparison of experimental and analytical strain for 2-UNIT perspex model.
The strain measured in the skeletal raanber itself is given in table 6,5 
and shows relatively good agreement, although some bending strain is 
present. A more complicated strain distribution exists in this member 
than the analytical method is able to predict. At the low loading used, 
however, it is unlikely that buckling has occurred.
IExperimental [Average [Exper imental |AnalyticalGauge[Strain
161718
687395370
[Experimental|Axial Force [AxialNo. I(pstrain) [Strain
484
I(compressive)[Force I (N) I (N)
50.82
[Variation
+1.8
TABLE 6.5 Comparison of axial force in skeletal monber for the 2-UNIT perspex structure.
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Figure 6.14 shows the convergence curve of the central displacement 
plotted with respect to total number of degrees of freedom used for the 
analysis. Displacements for the analytical solution converge to a higher 
value than the experimental results, but to within 5.2% (see table 6.6). 
This is consistent with the simplifying assumptions made.
Dial Gauge [Experimental [Average [Analytical* [Absolute [ %.Position [Displac^ent [ [Displacement [Error [Variation
A I 1.35 [ [ I IB [ 1.45 [ 1.517 I 1.6 I -0.083 | +5.2I J.  I a-.JJ-/ X W U VUU I! 1.75 I [ [ I
* Taken from convergence curve
TABLE 6.6 Displacement results for 2-UNIT perspex
model.
Generally, poor agreonent was obtained for the gauges at the apex of the 
pyramid unit, illustrated by gauges numbered 6 and 15 in particular. 
Clearly some local effects at the junction between the line member and the 
pyramid face, including a considerable amount of bending strain, are 
present that are not represented in the analytical results. In the 
experimental model, the skeletal monber meets the inner faces of the 
pyramids near the apexes. This is not quite represented accurately in the 
analytical model, where the skeletal member join precisely at the apex 
nodes of the structure.
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6.5 Sixteen-unit Model
6.5.1 Prvacation of model
For this larger model, the pyramids of 260nm side length were manufactured 
from 1.5mm thick per spec. This was therefore approximately one-eigth full 
scale. Perspex tubes of 8mm diameter and 2 mm wall thickness, bonded 
between the apexes completed the model. For the purposes of applying the 
load to the structure, hangers were attached to each apex. These fitted at 
the apexes in such a way as to allow rotation of the hangers and thus 
ensure that no spurious bending was applied.
It was planned to test the model with two different support 
conf igur ations;
(i) simple supports at the three corners of the model only ,
(ii) simple supports at the corners and midsides .
The supports were provided by bonding perspex pads to the structure in 
corner and midside positions which rested on ball mounts. One of the 
corner supports was an encapsulated ball to provide overall lateral 
stability. A support frame was contructed as shown in the photograph of 
the model (figure 6.6). Gauge positions for this model are given in figure 
6.15.
6.5.2 Testing
The loading scheme adopted for this model involved the application at four 
apexes in a symmetrical pattern. Since weights were being used to supply
the loading, four apexes were thought to be the maximum number of load
application points in order to keep loading durations low. Loading was 
carried out in increments and readings taken. This was to check that the 
model was operating in its linear range. Between each loading incranent, 
the load was ronoved and the model allowed to recover so as to reduce to a 
minimum any effects of cre^.
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6.5.4 Finite elanent analysis
For comparison, the same structural configurations were analysed using the 
finite elanent computer program. Since the problem had several lines of 
symmetry, both in respect to geometry and loading, only one-sixth of the 
structure was required to represent the mathematical model. This entailed 
the use of nonconformable supports at one of the lines of symmetry, (see 
section 5.3.13). The finite elanent mesh is shown in figure 6.16. The 
finest finite elanent mesh, subject to the limitation outlined in section 
5.4.2, that could be supported on the computer available was used, giving 
a mesh density that could be described as fairly coarse. As seen in the 
two pyramid problan, however, such a density gave acceptable results.
6.5.5 Results
Tables 6.7(a) and 6.7(b) give a comparison of the experimental and 
analytical strains within the continuum of the sixteen-unit model 
structure for tiie two support cases. The comparisons are made at total 
vertical loads of ten and twenty kilograms for support cases (i) and (ii) 
respectively.
To indicate that the strains measured are still in the linear range, 
figures 6.17(a) and 6.17(b) are given which show load verses strain for 
the more highly strained points in the continuum.
The results show that there is a high stress region near the folds of the 
units incorporated in the model. Bending strains in these regions are low, 
as are the in-plane and bending strains measured at centroids of pyramid 
faces.
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Comparison of the results obtained indicates that within the high strain 
regions, in-plane strains differ by less than 16,7%. The program is 
generally unable to predict the exact strain at the centroids of faces, 
although it does predict strain of the correct order of magnitude. The 
percentage variation used in the tables is not always meaningful for these 
low strain regions, and absolute variation are of greater value. Absolute 
variations are generally less than 40 micro-strain for these low strain 
regions. Agreement for the strains measured in the skeletal members is 
only fair, however, differing by as much as 25% in one case (see tables 
6.8 (a) and 6.8(b)). This may be due to imperfection in the mathematical 
modelling technique as outlined in section 6.7.
Gauge
No
ExperimentalStrain(pstrain)
Average
ExperimentalStrain
AxialForce(N)
Analytical 
Axial Force (N)
%
Variation
18 TOP -388 -359 -47.37 -47.9 +1.118 BTM
19 TOP
-330
-474
-571 -75.34 -81.5 +7.619 BTM -667
TABLE 6.8(a) Experimental and analytical results of 16-UNIT perspex model for line monbers gauged. Load of 10kg total,
GaugeNo ExperimentalStrain(pstrain)
AverageExperimentalStrain
Axial
Force(N)
Analytical 
Axial Force (N)
%
Variation
18 TOP -315 -343 -45.26 -48.0 +5.718 BTM
19 TOP
-371
+43 + 96 +12.67 +16.9 +25,019 BTM +150
TABLE 6.8(b) Experimental and analytical results of 16-UNIT perspex model for line 
members gauged. Load of 20kg total.
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Figures 6.18(a) and 6.18(b) show the relationship of displaconents to 
load, which again illustrate essentially linear behaviour up to the loads 
chosen as the comparison point. Tables 6.9(a) and 6.9(b) give a comparison 
betweæ the analytical and experimental displacements for the two support 
cases. Comparison is generally very good, with displacements differing by 
less than 5%.
DialGaugePosition
ExperimentalDisplacement(mm)
NodeNumber AnalyticalDisplacement
(mm)
AbsoluteVariation %Variation
A 3.73 402 3.69 0.04 —1.1B 3.74 402 3.69 0.05 -1.3C 3.86 402 3.69 0.17 —4,6D 2.64 267 2.62 0.02 -0.8E 3.62 73 3.61 0.01 -0.3
TABLE 6.9(a) Comparison of experimental and analytical displacements for the 16-UNIT perspex structure with 3 supports. (Total load of 10kg)
Dial Experimental Node Analytical Absolute %Gauge Displacement Number Displacement Variation , VariationPosition (mm) (mm)
A 0.505 402 0.511 0.006 +1.1B 0.495 402 0.511 0.016 +3.1c 0.505 402 0.511 0.006 +1.1D 0.470 268 0.471 0.001 +0.2
TABLE 6.9(b) Comparison of experimental and analytical displacements for the 16-UNIT perspex structure with 6 supports. (Total Load of 20kg)
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6.6 Eighty-unit Model
6.6.1 Model preparation
Five panels were prepared that were identical in contraction to the 
sixteen-unit model described in section 6.5. These panels were then 
assembled together to form the large pentagonal base pyramid model. The 
joints at the edges of the panels were accomplished by inserting shaped 
fillet pieces of perspex between the flanges. A rigid support was 
supplied at each corner of the base.
Before gauges were placed on the model, some consideration was given to 
the finite elanent mesh that would be used to produce the analytical 
results. Since the geometry of the structure gives five lines of 
symmetry, under symmetrical loading the analysis can be carried out on 
only one-ten til of the structure. Even so, only a coarse mesh could be 
arranged, given the core size limitation discussed in section 5.4.2, 
giving four elonents per pyramid face.
As this was the case, it was decided to site rosette strain gauges at the 
centroids of a number of these elanents. Comparisons of principle strain 
between the analytical and experimental results could then be carried out 
and a complete picture of strain distribution through the model could be 
built up. Strain gauge positions were decided upon well ahead of final 
assembly of the model. Using rosettes in this manner, however, meant that 
very low strains were being measured, and in retrospect, this may not have 
been as wise as including a large number of fold gauges in the model. In 
addition, though, a large number of skeletal manbers were strain gauged to 
give fur tiler valuable comparisons between analytical and experimental 
results. Figure 6.19 shows strain gauge positions.
6.6.2 Testing
The load pattern for the model is shown in figure 6.20. These loads 
needed to be applied over as short a time period as possible, to avoid 
introducing creep, and ideally to be applied simultaneously. To enable
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such a large number of loads to be applied, the weights used were 
supported on a table beneath the model which could be lowered by means of 
an hydraulic jack. When the table was lowered, the loads were applied to 
the model through the hangers provided,
Displaconents of the model were measured at a number of positions using 
L.V.D.T.s whose positions are shown in figure 6.20. These were mounted 
above the model on the metal framework shown in the photograph of the 
model (figure 6.7).
6.6.3 Finite elanent analysis
The finite elanent mesh used to analyse this model structure is shown in 
figure 6.21. As mentioned above, only one-tenth of the stucture needed to 
be rpresented. The use of the lines of symmetry to reduce the problem 
size necessitated the use of nonconformable supports, (described in 
section 5.3.13). In addition, since the skeletal members spanning 
adjacent panels are cut by the line of symmetry, it was also necessary to 
use forced equality of displacanent, (described in section 5.3.14), in 
this analysis.
Displacanent at the cut end was equated to that of the appropriate apex in 
the nodal x" and z" directions, (see figure 6.21). The new degrees of 
freedom could now be restrained, since the mathematical modelling will be 
correct, and singularity of the overall stress matrix avoided. The apexes 
of the pyramid units in question had also to be made nonconformable so 
that the equations associated with the degrees of freedom at those nodes 
were referenced to the node coordinate frame of the nonconforming supports 
prior to forcing equality of displacements.
The mesh subdivision is a coarse one, and this inevitably leads to large 
aspect ratios of the elements in the flange region. This may have lead to 
numerical inaccuracies in the results obtained, and is a contribution to 
any variation between analytical and experimental results.
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6,6.4 Results
The experimental and analytical results for the strain within the
continuum of the eighty-unit model are given in tables 6.12 and 6.13 .
The comparison between the two sets of results indicates only fair 
agreement, but this is to be expected bearing in mind the coarse nature of 
the mesh and the small magnitude of the strains being measured. Because
low strains are being compared, percentage variations are often less
meaningful than absolute variations in strain at some points.
Experimental Strain (pstrain)
Gauge Principal In-plane StrainPosition In-plane Bending
1 2
Rl(a) - 12 - 5 + 17 - 73(b) + 1 -10(c) - 44 + 2
R2(a) - 33 - 2 + 18 — 46(b) - 32 + 1(c) + 5 + 2
R3(a) + 17 - 4 + 28 - 20(b) + 17 - 7(c) - 10 -10
R4(a) + 34 0 + 59 - 36(b) - 18 — 4
(c) - 11 - 8
R5(a) - 28 0 + 21 - 74(b) + 7 — 7(c) - 26 + 7
R6(a) -256 -42 + 86 -395(b) 0 + 9(c) - 52 - 3
R7(a) -242 -18 +103 -273(b) -158 + 3(c) + 72 +19
TABLE 6.12 Experimental results for 80-UNIT perspex model.
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For rosette number R6 there is a large discrepancy between the 
experimental and analytical principal strain predicted. Some gross error 
in the experimental reading is suspected at this point.
Table 6,14 shows the comparison of experimental and analytical results for 
the axial force in the skeletal members. Here comparisons are generally 
very good, with forces greater than about 2ON being predicted to within 
9.2% . For smaller axial forces, however, the variations are greater; up 
to 26.9% .
Gauge AxialExperimental AxialForce Element AnalyticalAxial %Position Strain (Bl) No. Force Variation(pstrain) (W)
1 +781 +103.0 171 +107.0 + 3.72 -468 - 61.8 161 - 57.2 - 8.03 + 49 + 6.5 162 + 7.9 +17.74 -208 - 27.4 163 - 25.1 - 9.25 -344 - 45.4 164 — 43.0 - 5.66 -153 + 20.2 172 + 21,0 + 3.87 -407 - 53.7 165 - 56.3 + 4.68 -345 — 45.5 166 - 42.3 — 7.69 +125 + 16.5 173 + 13.0 -26.910 -214 - 28.2 168 - 30.1 + 6.311 +166 +21.9 170 + 23.0 + 4.8
TABLE 6.14 Comparison of experimental and analytical results for forces in skeletal members for the 80-UNIT perspex model.
Similarly, the displacement results obtained also indicate good agreement 
between experimental and analytical methods, differing by less than 16.5%, 
(see table 6.15).
- 151
Displacement
Transducer
Position
[Experimental 
[Displacement 
[ (mm)
[Node
[Number11
[Analytical 
[Displacement I (mm)
[Absolute I % 
[Variation in [Variation in 
[ Displacement [ Displacement
A 1 2.29 [ 148 1 2.09 I 0.2 1 - 9.5B [ 2.30 j 245 [ 1.97 I 0.33 [ -16.5C [ 2.10 [ 305 I 1.87 [ 0.21 [ -11.1D [ 2.17 1 338 1 1.88 [ 0.29 [ -15.4E I 1.81 [ 136 ! 1.60 I 0.21 [ -13.1F [ 2.17 I 228 1 1.94 [ 0.23 [ -11.8
TABLE 6.15 Comparison of analytical and experimental vertical displacements for the 80-UNIT perspex model.
6.7 Discussion
It has been shown that exact agreement is obtainable for the finite 
element results when compared to theoretical solutions.
Inspection of the results for the series of perspex models indicated that, 
in general, the finite element analyses agree well with the results 
obtained by experiment.
The experimental results thonselves show that high strain in the continuum 
is concentrated towards the fold regions of the basic pyramid units. In 
these regions also, bending strains are very low, generally less than 5% 
of the in-plane strains. In these regions, comparisons with analytical 
results indicate average errors in strain of around 16.6%.
It is worth noting that comparatively high stresses, are predicted by the 
analytical results for the flanges of the pyramid units. Variation in 
strains of the same order would probably be anticipated for these areas, 
although no ecperimental values are available for a comparison.
Away from the fold and flange regions of the pyramids, strains are low, 
generally less than 10% of measured fold strains. Here the finite element 
program has difficulty in predicting the results obtained experimentally. 
This is probably due to the limitations on the accuracy of the finite
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element solution imposed by the assumptions made. There are also a number 
of errors inherent to the strain gauge technique such as;
(i) positioning and alignment of gauges; '/
(ii) transfer of strain through an adhesive layer to the gauge; |(
and (iii) strain measurement takes place over a finite length; j\
which produce difficulties when making comparisons to very low analytical 
values. Since, in addition, the resolution of the recording device used 
was in the region of +4 micro-strain, the difficulty in producing good 
agreement in low strain regions is considerable.
Other reasons for discrepancies between the two sets of results include;
(i) compromise mathematical modelling where the experimental
model cannot be properly represented at apex connections,
(ii) coarse meshes due to computer core size limitations,
(iii) high aspect ratio of some elements, which are not to be
preferred, and 
(iv) the inevitable model imperfections.
Displacements shov/ good agreement between experimental and analytical 
results, generally differing by much less than 15%, and these alone 
provide a good indication of the general ability of the program to predict 
the bdiaviour of the skeletal/continuum structures. The mathematical 
model behaves very much the same as its actual model counterpart under the 
apex loadings applied. The analytical solution procedure adopted, with 
its simplifying assumptions has been demonstrated to be suitable for 
analysing structures of this kind.
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Fig. 6.6 Photograph of 16-UNIT perspex model
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Fig, 6.21 Finite element mesh for one-tenth of 
eighty-unit model.
-177-
CHAPTER 7
AN EXPERIMENTAL AND ANALYTICAL STUDY ON MODEIg IN 
GLASS REINFORCED POLYESTER
7.1 General Considerations
Using the low cost hot press moulding tool, the basic structural units of 
S.M.C material were produced as described in section 3.4. Although the 
suitability of the material of which these components were made had been 
proven with mechanical tests on coupon specimens (described in section 
4.3), it had not been dononstrated that the units, when assembled together 
to form a structure had the necessary structural integrity. In addition, 
these structures would need to incorporate other materials, for example 
pultruded G.R.P. tube, and would require a jointing arrangonent. The use 
of these features would also require experimental verification.
The aim of this present chapter is to indicate how the basic unit 
performed when assembled into a structure on which test loadings were 
carried out. Additionally, the test results gave data for comparison with 
analytical results from the finite element program. These provided the 
basis for assessing the suitability of the program for analysing this type 
of structure when incorporating S.M.C. material.
7.2 Experimental Programme
Two models were manufactured for the purpose of this investigation, namely 
the two-unit and the sixteen-unit configurations investigated previously 
as perspex models. It proved impracticable to manufacture an eighty-unit 
model similar to the model in perspex (described in section 6.6).
Finally, a further test was carried out on a model of a size approaching 
that of a full scale structure. The two-unit configuration was used, this 
being the only model practical in this large scale. Pyramids for this 
model were manufactured in Chopped Strand Mat material. Chopped Strand 
Mat does not have the flow induced changes in material properties that
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S.M.C. has, since the positioning of reinforcement is more carefully 
controlled, but, it may ■ be considered as a close approximation to an 
"ideal" S.M.C.. This test was carried out in order to verify that the 
behaviour of the structure in this scale did not differ markedly from that/ 
of the small scale models. ^
7.3 Analytical Programme
7.3.1 Material property considerations
It was evident from the mechanical tests carried out on coupon specimens, 
that the pyramids produced did exhibit, in goieral, varying material 
properties. In addition, despite the fact that care had been exercised to 
try to avoid this phenomenom, the fold regions of the pyramids had flow 
induced anisotropy. In order that analytical solutions could take place,
/ j some average value of the relevant material properties had to be used for 
' the majority of the continuum and, as far as possible, the anisotropic 
regions taken into account. The material properties determined in 
Chapter 4 are given in table 4.2.
The general trend found in testing was that the majority of each pyramid
2had a modulus of around 13500 N/mm and indicated a fair degree of
isotropy. However, at the folds the modulus parallel to the folds, had a2value of only 11000 N/mm . This weaker region extended for only 20mm 
either side of the fold.
In the analytical solutions, provided the mesh was sufficiently fine, this 
region could be approximated to a quasi-orthotropic material utilising the 
orthotropic finite element included in the program.
A consequence of using C.S.M. in the manufacture of the large scale 
pyramids was to increase the glass fibre length when compared to that used 
in the production of the S.M.C. pyramids. Chopped strand pre-prepared 
mats for use in hand-lay generally have a fibre length of 50mm. This 
length is of the correct order to enable the development of maximum fibre 
stress in the composite. This "critical length " of fibre uses the
fibre reinforconent most efficiently.
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Increased fibre, lengths can be used in S.M.C., and this subject has been 
discussed in section 2.4.10, but a 25mm fibre length was considered more 
suitable for the prototype models in one-fifth scale, producing more 
representative mould flow characteristics in the relatively small cavity 
of the hot press moulding tool in use.
This increase in fibre length for the C.S.M. pyramids, however, does not 
invalidate the current test programme. The macro-mechanical properties of 
the two materials are sufficiently similar when subjected to low stress, 
to make the comparison valid despite the difference in micro-mechanical 
properties. The modulus of the C.S.M. laminate was taken as 10000 N/mm 
for the finite element analysis.
7.3.2 Finite element meshes for the two-unit models
The meshes used were those generated for the two-unit perspex model 
structure, previously described as Mesh 3 and Mesh 4, ( figures 6.11 and 
6.12). The analysis for the two unit structure in S.M.C. was carried out 
in two stages.
(i) The truest representation of the structure for analysis was 
that using Mesh 4. Only this subdivision had sufficiently 
small elements to accurately define the quasi-orthotropic 
area near to the folds.
(ii) It was appreciated at this stage that because of the program
limitations described in section 5.4.2, in the larger
structures to be analysed it would not be possible to supply
a sufficiently fine mesh to accurately represent the
quasi-orthotropic areas at the folds. Consequently an
analysis was carried out using the slightly coarser mesh.
Mesh 3 and here the material properties were taken asoconstant throughout with a modulus of 13500 N/mm . This 
second run for the two-unit structure was undertaken to give 
some indication as to how this further inaccuracy would 
affect the results.
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In the analysis of the C.S.M. model structure, the finite element mesh 
number 3 was used.
7.3.3 Finite element meshes for the sixteen-unit model
Because of symmetry of geometry and loading, only one-sixth of the 
structure needed to be idealised into finite elements. The mesh use3 was 
identical to that used in the analysis of the perspex model of the same 
configuration and is shown in figure 6.16 indicating key node and element 
positions for comparison with experimental results. For this comparison, 
finite element solutions were obtained for two support conditions as 
described in section 7.6.1.
7.4 Model Preparation
7.4.1 S.M.C. models
The test models in S.M.C. material were constructed from the pyramid 
components described in Chapter 3. These had a 375 mm side length, a 
height of 125 mm and an average thickness of 2.5mm. If a full scale 
prototype structure were to have a side length of say 2000mm, then the 
models constructed were approximately one-fifth scale. The glass content 
of the pyramid units was 20% by weight and fibre length was 25mm.
The apexes of the models were joined by a pultruded G.R.P. tube of 15mm 
diameter and 1.5mm wall thickness. These had 65% glass fibre content by 
weight which was mainly aligned longitudinally but did have some randomly 
orientated fibres providing hoop strength. A small specimen of this 
material tested under a compressive load was found to have a modulus of 
15618 N/mm^.
To facilitate the manufacture of these models, a special nodal joint was 
developed to enable the skeletal maibers to be connected to the apexes. 
These were manufactured from cast glass reinforced epoxy resin with a
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nominal reinforcement of 6mm glass fibres. The principle of the use of 
these node pieces is shown in figure 7.1, and a later figure (figure 7.8) 
shows an example of its use in practice. The casting was easily modified 
to provide fixing for one or two skeletal members meeting at an apex.
The pyramids were connected at the flanges by bolting through in five 
equally spaced positions with 5 mm diameter bolts. Because of the draft 
angle on the flanges of the units, a flush fit was not possible, 
consequently epoxy resin was poured in the gap to complete the joint.
7.4.2 Chopped Strand Mat model
The final model tested in this experimental programme was a two-unit 
structure in Chopped Stand Mat material. This model, with a pyramid side 
Imgth of 1145 ran was approaching a full scale structure. A height to 
side length ratio of 1:4 was used giving a height for the pyramid of 
290mm (excluding a 30mm flange depth) . These pyramids were manufactured 
by the hand-lay method, with 30% glass fibre reinforconent by weight, to a 
thickness of 5mm. The two pyramids were bolted and bonded together at the 
flange.
The model was completed by the addition of a pultruded member between the
apexes with a diameter of 25mm and wall thickness of 2mm. Glass fibre
reinforcement was 60% by weight. A single compressive test for this
2material indicated a modulus of 21563.6 N/mm .
Nodal joint pieces for the apexes of this model were machined in aluminium 
thus providing a means of attaching the skeletal monber to the continuum 
system and also a point through which the load could be applied. The load 
was applied by a single hydraulic jack acting through a distribution beam 
to give equal load on the two apexes. Load was monitored by use of a load 
cell.
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7.4.3 Instrumentation
The models were instrumented comprdnensively with resistance strain 
gauges, concentrating on the fold regions and centre of pyramid faces. Top 
and bottom surfaces of the continuum were gauged so as to isolate the 
in-plane and bending strains. In addition, skeletal manbers were gauged 
where appropriate. Displaconents of the models were measured using 
L.V.D.T. type displacanent transducers.
All readings from the instruments during testing were recorded using 
electronic data logging equipment. These were collected on punched paper 
tape in ASCII code, and reduced to a readable format using specially 
written post-processing computer programs.
7.5 Testing of the Two-unit S.M.C. Model
7,5.1 Test procedure
The two-unit model was constructed using the techniques outlined above. 
Simply supported conditions were provided at positions which effectively 
reduced the span by 15%, thus producing the required stability for the 
model as discussed in section 6.4.1. Since the model was relatively stiff 
requiring quite substantial loadings to produce measurable effects, mild 
steel "shoes" were bonded to the flanges at the support position to 
prevent local damage. A photograph of the model is shown figure 7.2 and 
this support arrangement can be clearly seen.
Loading was by weights through steel wire hangers attached to the apexes 
of the stucture. Several individual tests were carried out in which the 
load was applied in increments. In the final test, a total of over 100 kg 
was applied to the model before failure occurred.
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7,5.2 Results
Positions of the strain gauges are indicated in figure 7.3. Strain gauge 
readings were taken at each loading increment and these are shown 
graphically for the highly strained regions in figure 7.4(a) and 7.4(b). 
As can be seen, the strains are essentially linear against load up to the 
point of failure, indicating that a comparison with the linear analysis 
finite elonent program is valid. A linear relationship is also shown for 
displaconent verses load, as shown in figure 7.5.
Tables 7.1 and 7.2 indicate the values of stresses predicted by the 
analytical method in the fold regions of the pyramid units. Values of 
stress and strain are given for key node and elenent centroid positions, 
in the direction of, and at varying distances from the fold. The 
comparison is made at a vertical load of 25kg on each apex.
I + Perpendicular Stress Parallel Stress Strain Parallel'ÎPosition Distance from to fold Perpendicular to fold 111 Fold (mm) to fold « CTp (N/ram“)
Ef 111 (N/mm ) (pstrain) |
1 N33 0 -5.240 +0.040 -389 i1 E53 9 -4.280 -0.029 -316 I1 N32 11 -4.338 +0.180 -329 1
i N40 23 -2.461 -0.096 -180 11 N39 35 -0.953 -0.246 - 65 Î
1 N144 0 -0.074 -0.006 - 5 }1 E79 9 -0.145 -0.072 - 9 11 N159 11 -0.104 -0.059 - 6 Î1 N160 23 -0.140 -0.106 - 8 1
1 N175 35 -0.270 -0.119 - 17 1
TABLE 7.1 Strains at folds for the 2-UNIT mesh No.3 at 25kg on each apex.
+ N refers to nodal position (see Fig. 6.11)E refers to elenent centroid
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i + 
1 Position
Perpendicular 
Distance from Fold (mm)
Stress Parallel 
to fold
(N/mm^)
Stress
Perpendicular 
to fold 2 
CTp (N/mm )
Strain Parallel' to fgld I
(pstrain) |
1 N160 0 -4.279 -0.297 -381 * i1 N90 10 -3.449 -0.336 -304 * 11 E66 13 -3.064 -0.229 -271 * }1 N92 19 -2.416 -0.213 -214 * {
1 N91 29 -2.044 -0.004 -151 \1 N93 38 -1.111 -0.162 - 79 11 N193 0 -0.076 -0.005 - 7 * 11 N202 10 -0.026 +0.037 - 4 * IÎ E117 13 -0.104 +0.125 - 13 * 1Î N203 19 -0.035 +0.068 — 5 * 'Î N185 29 -0.048 +0.087 - 6 !Î N215 38 -0.037 +0.131 - 6 1
TABLE 7.2 Strains at folds for 2-UNIT mesh No.4 at 
25kg on each apex".
* Strains calculated with E = 11000 N/mm^+ N refers to nodal position (see Fig.5.12)
E refers to element centroid
Significant strains occur only in the folds running in the direction of 
the span. From these results, strain profiles could be plotted for the 
significant strains, and these are shown in figures 7.6 and 7.7. In the 
figures the strain profiles are compared to experimental results. An 
improved result is indicated for the finest mesh. Predicted strain at the 
fold is 13.2% higher than the experimental strain. The strain profile 
predicted for Mesh 3 indicates a reasonable comparison to the experimental 
results despite the approximation for material properties made in the 
mathonatical model. Tables 7.3 and 7.4 show a full comparison of 
analytical to experimental results.
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GaugeNo.
Experimental Strain (pstrain) Analytical
StrainIn-Plane Bending (pstrain) strain
1 - 18 - 5 - 7 11 — —2 - 8 - 11 - 7 1 -14.33 — 8 — 8 - 7 1 -14.34 - 21 + 8 - 25 4 16.05 + 5 - 18 + 7 2 28.56 - 18 - 2 - 7 11 —7 + 25 + 27 + 27 2 7.48 - 9 - 59 - 5 4 ——9 -110 - 53 -101 9 - 8.910 -205 - 30 -222 17 7.611 -297 - 20 -341 44 12.912 -285 - 12 -341 56 16.4
13 +157 + 15 +198 41 20.7
Absolute Variation 
in in-plane
Variation
TABLE 7.3 Summary of experimental strains compared to analytical strain for 2-UNIT SMC model (load of 25kg on each apex).
* Interpolated from figure 7.6 for fold strains
GaugeNo.
I j ÎExperimentalI Experimental} Average } Axial Force j Analytical
strain
(pstrain)
I Experimental I (compressive) } Axial Force | Variation
Strain (N) (N)
14 I
15 !16 I
-213
-204 205 9.7
TABLE 7.4 Comparison of axial force in skeletal monber for 2-UNIT SMC structure.
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Table 7.3 also indicates that the strains at the centroids of the pyramid 
faces are low. Bending strains, at least within 20mm of the fold are low 
having values generally less than 15% of the measured in-plane strains. 
Spurious bending strains do occur elsewhere, however, and this may be due 
to model imperfections or force actions that are not represented in the 
analytical model. The displacements shown in figure 7.5 do in fact 
indicate that some twisting may be present.
A comparatively large strain was recorded for the flange of the pyramid 
unit which shows agreement with analytical results to within 20.7%. Good 
agreonent was obtained for the skeletal monber as shown in table 7.4, with 
a variation of only 9.7% in the member force.
Values of significant strain in the fold region indicate a high strain at 
the fold itself, gradually falling off away from the fold. For this model, 
the high strain region extends for some 50mm from the fold, i.e., the 
point at which the in-plane strain falls to about 10% of its fold value.
Failure of the system was confined to a small region at the joining flange 
within the epoxy resin joint. There was no indication of failure within 
the S.M.C. units themselves and the highest strain recorded at a load of 
101.6 kg was 605 pstrain, in the fold region of the unit gauged. From the 
analytical results it is clear that very low stresses are predicted 
perpendicular to the fold, hence this maximum strain can be directly
related to the maximum stress at the fold. Taking the modulus of2 2 elasticity to be 11000 N/mm gives a maximum stress of 6.65 N/ram , which
is about 16% of the nominal ultimate value for the material.
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7.6 Testing of the Sixteen-unit S.M.C. Model
7.6.1 Test procedure
Sufficient units had been produced to enable the construction of a 
sixteen-unit assonblage. A photograph of the S.M.C. model is shown in 
figure 7.8. Two different support conditions were used for this model, 
these being;
(i) Simple supports at the three corners only ,
(ii) Simple supports at corners and midsides .
Mild steel plates were bonded to the flanges at the point of contact with 
the supports and the plate seated on a ball mount, (see figure 7.9).
Load was applied to the structure at four symmetrical points by hydraulic 
jacks acting against a reaction frame. To establish more control over the 
load, only two jacks were used, each supplying equal load to two apexes 
through a distribution beam. A pivot at the centre of the distribution 
beams ensured that no asymmetrical load was applied. Spurious bending load 
was avoided by providing ball bearing contacts between the distribution 
beams and the apexes. The load was monitored by using load cells in series 
with the hydraulic jacks. Figure 7.8 shows the arrangonent of the model 
under test conditions. Gauge positions for this test are shown in figure 
7.9. The load was applied in increments and gauge readings taken at each.
7.6.2 Results
A graph of selected strain readings verses load for the relatively highly 
strained regions of the model are shown in figure 7.10(a), 7.10(b) and 
7.10(c). As can be seen, the strains are essentially linear up to the 
maximum load applied hence any comparison with analytical results is 
valid, A graph of load verses displacement (figure 7.11) indicates the 
same linear behaviour for the majority of the loading range.
A full comparison of results is shown in the series of tables 7.5(a) to 
7.7(b) .
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On inspection of tables 7.5(a) and 7.5(b) it can be seen that, once again, 
the highest strains were recorded in those gauges placed at the folds of 
the pyramid units. Bending strains were shown to be extronely low when 
compared to the in-plane strains.
Good agreement was obtained between analytical and experimental results in 
the high strain regions of the model for both support conditions
investigated. Strain at the fold was predicted by the finite element 
program to generally better than 16% of the experimental value. Moderately 
good agreement is obtained in the low strain regions of the model, and
although percentage variations in the tables appear high, the absolute
variation in strain is generally less than 10 micro-strain.
The single skeletal member gauged shows a better agreement between 
analytical and experimental results for support case (ii) with a variation 
of 11.3% being indicated in tables 7.6(a) and 7.6(b). The more pronounced 
disparity in support case (i) may be due to a more complicated strain
distribution around the nodal joint than it is possible for the finite 
element program to predict. This might have the effect of increasing error 
at increased axial loading.
111 Gauge 1 No.
Î Exper imental|Average 1Strain |Exper imental 
1(pstrain) |Strain
Experiment 'Analytical Axial Force'Axial Force 
(N) 1 m
i % !'Variation ' 1 1 1 1
! 18 1 ; -199 » 111 1 1 1 1 1 1
i 19 1 1 -201 1 1 -212 1 -210.6 1 -290.0 1 27.4 i 1 1
1 20 1 -237 111 1 1 1 1 1
TABLE 7.6(a) Experimental and analytical results for 16-UNIT SMC structure with 3 support at 
60kg total vertical load.
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11} Gauge 1 No.
Experimental |Average 
Strain |Exper imental (pstrain) iStrain
Experiment Axial Force (N)
Analytical 
Axial Force (N)
% Î Variation ' 1 1
1 18 
i 19I
i 20
- 45 {1
- 36 j - 41 
-41 !
- 40.7 - 45.9
1I1
11.3 i 1 1 1 1
TABLE 7.6(b) Experimental and analytical results for 16-UNIT SMC structure with 6 supports at 60kg total vertical load.
For this structure there is a fair comparison between the analytical and 
experimental results for displacement with a variation of generally less 
than 16.7%. Only the relatively small displacement recorded by the 
transducer at point A shows a greater disparity. Displaconent results are 
given below in tables 7.7(a) and 7.7(b).
iDisp.ÎTransducer iPosition
ExperimentalDisplaconent(mm)
NodeNumber {Analytical {Displacement { (mm)
AbsoluteVariation(mm)
{ % { {Variation { 1 1 1 1
! A -1.45 267 { -1.79 0.34 { +18.9 {1 B -2.28 73 { -2.45 0.17 { + 6.9 {! c -2.32 73 { -2.45 0.13 { +5.3 {1 D -2.04 73 { -2.45 0.41 { +16.7 {1 E -2.18 402 { -2.54 0.36 { +14.2 {1 F -2.28 402 { -2.54 0.26 { +10.2 {
TABLE 7.7(a) Comparison of experimental and analytical displaconents for the 16-UNIT SMC model with 3 supports at 60kg total 
load.
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iDisp. IExperimental{Node {Analytical {Absolute{Transducer {Displacement {Number {Displac orient {Variation
{Position { (mm) { { (mm) { (mm) {
{ A { -0.1 { 267 { -1.159 { 0.059 { +37.1{ E { -0.16 { 402 { -0.175 { 0.015 { + 8.6{ F { -0.157 { 402 { -0.175 { 0.018 { +10.3
TABLE 7.7(b) Comparison of experimental and analytical displaconent for the 16-UNIT 
SMC model with 6 supports at 60kg total load.
7.7 Testing of the Two-unit C.S.M. Model
7.7.1 Test procedure
Simply supported conditions were provided for this model as described for 
the two-unit S.M.C. model. A photograph of the model under test is shown 
in figure 7.12. Strain gauge positions are indicated in figure 7.13.
The model was loaded in incranents to failure at 250 kg which took place 
locally along the joined flange. Strain readings were taken at each 
incronent and these are shown graphically in figure 7.14.
7.7.2 Results
Once again the strain readings are essentially linear to failure except in
the case of the flange where non-linear behaviour is apparent.
Displaconents also show a linear behaviour verses load as shown in figure 
7.15(a) and 7.15(b).
Table 7.8 indicates the values of stress predicted by the analytical
method in the fold regions of the pyramid units. Values of stress and
strain are given for key node and element centroid positions, in the 
direction of, and at varying distances from the fold. The comparison is 
made at a vertical load of 80kg on each apex.
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I + Perpendicular Stress Parallel Stress Strain Parallel{{Position distance from to fold* or Perpendicular to fold. Eg {11 Fold (mm) (N/mm"") ^ (N/mm'^ )
{ N33 0 -4.933 4-0.033 -494 {{ E53 27 -3.931 -0.029 -392 {{ N32 33 -3.922 +0.192 -398 {{ N40 69 -2.067 -0.076 -204 {{ N39 105 -0.568 -0.205 - 51 {{ N144 0 -0.237 -0.005 - 24 {{ E79 27 -0.264 -0.032 - 25 {{ N159 33 -0.307 -0.057 — 29 {
{ N160 69 -0.311 -0.099 - 28 {{ N175 105 -0.432 -0.122 - 39 {
TABLE 7.8 Analytical strains at folds for 2-UNITCSM at 80kg on each apex,
+ N refers to nodal position (See Fig.5.11 )E refers to element centroid
A strain profile for the fold of the pyramid running in the direction of 
the span is shown in figure 7.16. This shows a comparison between 
experimental and analytical results and indicates agreement between the 
two to within 15.4% at the fold.
High strain is indicated at the fold itself, gradually decreasing away 
from the fold. For this model, the high strain region extends for 
approximately 110mm from the fold, ie., the point at which the in-plane 
strain falls to about 10% of its fold value.
Comparison of results for all strain gauge positions are given in table
7.9 which indicates fair agreement between results in the high strain 
regions of the model. The force predicted in the skeletal member also 
compares favourably with that indicated from the experimental results 
which, as shown in table 7.10, differs by only 7.5% . However,
comparisons of strain are a little tenuous in some regions, and this is
probably due to model imperfections, which are more apparent in this 
larger scale.
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11 Experimental Strain * Absolute % Î'Gauge (ustrain) Analytical Variation Variation '|No, Strain in in-plane in in-planeI11 In-Plane Bending (pstrain) Strain Strain }
! 1 -370 + 12 -451 81 +17,9 i' 2 -228 + 19 -240 12 + 5,0 1
1 3 -108 - 22 - 51 57 —  11 4 + 38 + 78 + 63 25 39.7 {i 5 + 13 -106 - 12 25 — j! 6 + 47 + 20 +308 261 11 7 - 29 - 5 - 25 4 -16.0 I
1 8 - 29 - 8 - 29 0 0.0 11 9 - 25 - 9 - 39 14 +35.6 1; 10 - 30 - 19 - 25 5 -20.0 1Î 11 + 18 - 37 + 15 3 —20.0 1
TABLE 7.9 Summary of experimental strains compared 
to analytical strains for the 2-UNIT CSM structure at load of 80 kg on each apex.
* Interpolated from Fig 7.16 for fold region
' Gauge 1 Exper imental 'Average ' Axial {Analytical { % {
' No, 'Strain {Experimental' Force {Axial Force{Variation {11 1 (pstrain) {Strain { (N) 1 1 11 1 1
1 12 1 292 1 1 1 1 1 1 1 1 1 1
! 13 1 236 { 271 { 860.1 { 930.0 { +7.5 {I 14 Î 286 1 11 1 1 1 1 1 1 1
TABLE 7.10 Comparison of axial force in skeletal member for the 2-UNIT CSM structure.
In table 7.9, bending strains are shown to be small at the fold. 
Relatively large bending strains, however, do occur in this model in other 
areas. These might indicate imperfections in the model geometry, or that 
force actions are present that are not represented in the finite element 
analysis.
The very large disparity in the results for the flange, would appear to be 
due to a compressive pre-stress in conjunction with some kind of 
non-linear effect such as straightening out from an initial curvature ,
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7.8 Discussion
From the experimental results, it is clear that for the S.M.C. model 
structures tested, high strains, and hence high stresses, are concentrated 
in the fold and flange regions of the pyramid units. Low strains were 
recorded at the centroids of the pyramid faces. Bending strains are also 
shown to be low in comparison to the in-plane strain.
Comparison of the experimental results with the analytical results 
obtained using the finite element program, generally show good agreement. 
This is so despite the fact that due to limitations on mesh refinement, 
the anisotropic regions of the pyramid units known to exist near tlie folds 
could not always be represented in the finite element model. In these 
cases the material properties had to be approximated to isotropic 
throughout, which is an obvious cause for variation between experimental 
and analytical results.
Other possible causes of variation are the jointing arrangements at tiie 
apexes and flanges. In the analytical model the skeletal member joins the 
apex precisely, which is clearly not the case in the experimental model 
since the joint is made possible by the incorporation of a specially 
contracted node piece. Also at the joints of the flanges in the test 
models, other materials are involved, namely the bolts and epoxy resin, 
which are not present in the analytical model where the flanges are 
modelled as intimately connected together.
In general, despite the possible causes of variation, the finite element 
program is able to predict to within 16% the strains in the highly 
stressed regions of the model. In the low stressed regions, comparisons 
of actual strain values are more tenuous, but never-the-less, the program 
does predict low strains. This variation might have been anticipated 
since there are limitations on tlie accuracy of the analyses and small 
values of strain are difficult to measure experimentally due to the errors 
inherent in the strain gauge technique (as discussed in section 6,7).
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The integrity of the individual units was never in question up to the 
maximum loads applied to the structures. When failure did occur it took 
place in the flange connection. An indication of the load carrying 
capacity of the model structures was given by the sixteen-unit model which 
failed at around 90kg of total load when tested with three supports, a 
particularly onerous support condition. This is in the region of ten times 
the structures own weight.
The maximum stress predicted by the finite element program at this load 2was 13.36 N/mm , only 33% of the nominal ultimate value for the material, 
and this occurred in the flange region of the pyramid near the support.
When assembled together to form a structure, the pyramid units in S.M.C. 
do have the required structural integrity. In the test models, the flange 
connection, when under tension, proved to be the weakest points. The 
joints at the apex node pieces proved to be adequate in tension and 
compression.
For the only full scale model tested, there is a noticeably greater 
overall disparity between the experimental and analytical results. 
However, the same general trend of stress distribution as for the small 
scale S.M.C. model structures can be observed. At the fold of the pyramid 
to which strain gauges were attached, the fold strain is predicted by the 
program to within 18%. The fall off of strain away from the fold region 
shows a marginally different profile for the experimental and analytical 
cases. This difference in the profile of strain near the fold makes a 
direct comparison of the C.S.M. and the S.M.C. model difficult to achieve.
A useful parameter to develop would be a non-dimensionalised measure of 
how far the high stress region extends away from the fold. The evidence 
from these models is, unfortunately, inconclusive, but the extent of the 
high stress region probably depends on both the continuum thickness and 
the scale of the model.
The greater discrepancies that result for the C.S.M. model are thought to 
be due to shortcomings in the test arrangement and model construction, 
since there is greater scope for imperfections in the larger scale. Force
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actions not accounted for in the analytical technique may also be present 
such as twisting. However, the displacement results for the two-unit 
models indicate that no sudden rocking occurred that might invalidate the 
results, a possible problem especially in the large scale C.S.M. model.
In general, the finite element mathematical models behave similarly to 
their test model equivalents. When due consideration is given to material 
property variation, other test model imperfections and the limitations of 
the finite element method, stresses and displacements are predicted by the 
computer program to within acceptable limits.
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1^ Scale 
5cm
puitruded
rod
dished head to allow for 
loading through bearing
epoxy bond
pyramid unit 
in section
SECTION ON A A
Fig. 7.1 The principle of the use of the glass reinforced epoxy node piece
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CHAPTER 8
PARAMETER STUDY USING THE
FINITE ELEMENT PROGRAM
8.1 Introduction
8.1.1 General
The material investigation of Chapter 4 indicated that S.M.C. material had 
suitable mechanical properties, on average, for use in the Civil 
Engineering industry. However, the finished material was unpredictable 
due to mould flow induced fibre orientations; this was pointed out to be a 
problon. Given that this feature can be minimised by careful attention to 
moulding procedure, successful full scale units in S.M.C. could be 
produced.
It was shown in Chapter 7, by the use of models, that viable structures 
can be constructed from a series of basic structural units of S.M.C. 
material. These models performed very favourably when under load, the 
models tested indicating no failure within the continuum of the units 
themselves.
Given that a moulding tool could be made available, production of a full 
scale unit in S.M.C. is a viable proposition.
8.1.2 Parameter study requirements
The analyses carried out on the model structures involved only one 
configuration of basic unit, with an arbitarily chosen thickness. A 
prediction of the optimum configuration for a full size structural unit is
219
the subject of this parameter study. The study aims to give guidance on 
the basic parameters of;
(i) thickness of unit;
(ii) height to side length ratio of unit;
and (iii) skeletal monber cross sectional area.
Also some material saving strategies are investigated, these were;
(i) reducing thickness at the low stressed centre of pyramid
faces;
(ii) introducing extra fibres aligned along the folds of the
units.
The finite elonent program developed, fully validated by the comparison 
studies of chapters 6 and 7, was available to carry out the parameter 
study.
8.2 Basis of Parameter Study
8.2.1 The structure
Although any structure constructed from a combination of pyramid units 
plus skeletal members could have been approached with reasonable 
confidence, it was decided to retain the sixteen-unit configuration 
already used. This had the advantage that analytical solutions had 
already been explicitly verified against tests on mcdel structures, and a 
finite element mesh subdivision was already available.
The starting point for the parameter study was taken as a basic unit of 
two metres side length. Using the familiar height to side length ratio of 
1:4 this gave a unit 500mm in height, excluding a 50mm flange depth.
The sixteen-unit structure constructed from such a unit would have a clear 
span of 6.93 metres, when supported at the corners only, and would cover
-  2 2 0  -
an area of 27.71 square metres. Hence, the structure is of a practical 
size, and this could be extended by the use of several of these assemblies 
in bays to form a larger structure.
Since the structure and loading were symmetrical, only one-sixth of the 
structure needed to be represented in the finite elenent mesh, with the 
correct boundary conditions imposed. The finite element mesh was as used 
previously for the sixteen-unit structure, and it is repeated in 
figure 8.1. This figure indicates the key positions used in the 
determination of the performance of the structure, where points 1 to 4 
refer to apex nodes and points A to D refer to the fold mid-edge nodes.
For the parameter study, the structure was supported at the three corner 
positions only.
8.2.2 Material
The S.M.C. material used to mould full size units, would probably have a 
greater fibre loading than the one used in the model structures of 
Chapter 7. Fibre length might also be increased to the "critical" length[•0 T 1to develop full stress in the fibres. ' In this case the minimum2modulus of elasticity attainable should be in the region of 10000 N/mm , 
and this value was used throughout the following parameter study. A 
Poisson's ratio of 0.3 was assumed and the fundamental material considered 
isotropic throughout.
8.2.3 Loading
For the purpose of determining the performance of the full scale structure 
under load, it was loaded with the equivalent of self weight plus a 
vertical imposed "snow" loading of 37.5 kg/m^. This load was concentrated 
at the apexes of the structure.
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8.3 The Parameter Study
8.3.1 General
For each parameter under consideration, a series of computer runs were 
carried out in which one key parameter was varied whilst the others wer.e 
held constant. Performance of the structure in terms of displacement at 
the apexes and stresses within the fold regions was then determined.
Further to this, full stress distributions within the continuum were drawn 
at each parameter modification. These stress distributions are referred 
to in subsequent sections. For clarity, the skeletal members are omitted 
from these plots of stress distribution.
8.3.2 Study of cross-sectional area of skeletal member
For the investigation of this parameter, a typical modulus of elasticity2for pultruded G.R.P. of 21000N/mm was used for the skeletal monber. A 
thickness of continuum was arbitarily selected at 6mm.
Increasing the cross-sectional area of the skeletal members connecting the
apexes of the structure, effectively stiffens the structure and produces
an improved performance in terms of displacement. This effect is shown in
figure 8.2. Only a small, although steady improvement in performance is2indicated for areas beyond about 500mm .
Stresses within the continuum of the pyramids remain approximately
constant, as this paraimeter varies, which is shown in figure 8.3. As this
was the case only one stress distribution plot was produced, and this is
shown in figure 8.4. High stresses are produced at the fold and flange2regions, as anticipated, the highest value of stress being 14.0 N/mm 
under the selected loading.
In practice, limitations on the outside diameter and wall thickness of the
skeletal member will govern the cross-sectional area selected. A member
with a 40mm diameter and 5mm wall thickness would give an area of roughly 2600mm , and this was retained for studying further parameters.
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8.3.3 Study of continuum thickness
For the study of the effect of continuum thickness, five thicknesses were 
selected, namely 3mm, 6mm, 9mm, 12mm and 17mm, and an analytical result 
obtained for each.
The effect of increasing continuum thickness is to decrease the 
displacements of the structure. This is shown in figure 8.5. Restricting 
attention to the full thickness curves for the moment, it can be seen, 
however, that this reduction in displacement shows a marked levelling off 
as increased thickness produces a greater self weight. Figure 8.5 
indicates that there is very little improvonent in performance in terms of 
displacement after about 9mm to 12mm of continuum thickness.
The effect on stresses within the continuum, shown in figure 8.6, 
indicates a similar relationship. Stress decreases with thickness but 
levels out in the higher thickness range. Stress distribution plots for 
this series of analyses are shown in figures 8.7 to 8.11. These indicate 
that stress reduces as the continuum is made thicker, but that the higher 
stresses remain concentrated in the fold and flange regions.
At the optimum thickness given above, the maximum stress indicated is in
2 2the order of 10.7 N/mm to 9.06 N/mm , compressive, in the fold nearest
the support. This stress is not excessive when compared to a possible2ultimate strength of around 60-70 N/mm , but it may be necessary to 
consider creep requirements.
8.3.4 Study of reduced thickness for pyramid faces
The third parameter investigated, was the effect of reducing the thickness 
at the centre of the pyramid faces to half the nominal thickness. The 
elements with reduced thickness and those retained at full thickness are 
indicated in figure 8.12. The effect on the performance of the structure 
in terms of displacements and stresses is also shown in figures 8.5 
and 8.6.
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It is clear that, at the lower nominal thicknesses, stress is shed to the 
thicker regions of the continuum, producing higher stresses in the fold 
regions. This effect can be observed for both folds and flanges in the 
stress distribution plots given in figures 8.13 to 8.17, when compared to 
the series of figures 8.7 to 8.11. For the greater nominal thickness 
continuum this effect is offset by the overall decrease in stress caused 
by the reduced self weight, and stress distributions indicate marginally 
lower stresses.
The effect on displacements of the structure of this parameter is more 
marked. At high fold and flange thicknesses, an improved performance in 
terms of displacement is obtained due to the significant saving in self 
weight. At a thickness of around 8mm the graph in figure 8.5 indicates 
that a significant saving in material could be achieved for the same 
performance in terms of displacenent.
At the previously defined optimum thickness of around 9mm to 12mm, the2 2stress at the fold nearest the support is ll.IN/mm to 9.02N/mm .
8.3.5 Study of extra reinforconent at folds
The effect of adding extra reinforcement at the folds of the pyramid units
was simulated by introducing elenents with orthotropic material properties
along the folds. The modulus of elasticity in the direction of the fold2was increased to 13500 N/mm for those elonents indicated in figure 8.12, 2with 10000 N/mm being retained elsewhere.
The effect of adding extra reinforcement to the folds of the pyramids is 
to stiffen the structure. In general, lower displacements and higher 
stresses at the folds results, as shown in figure 8.18 and 8.19 
respectively. Figure 8.18 shows an increased performance in terms of 
displacement compared to that of the isotropic material case.
The increase in stress at the folds of the units is also shown in the 
stress distribution plots of figures 8.20 to 8.24, when compared to the 
series of plots 8,7 to 8.11 for the isotropic material pyramids. It
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should be noted that stresses at the centroids of the faces of the 
pyramids are also marginally increased but they remain low when compared 
to fold stresses.
Significantly, the stresses in the flanges are less for the reinforced
pyramids when compared to the unreinforced pyramids. The effect is one of
shedding stresses to these areas especially reinforced to withstand the
high stresses. Stress in the same fold region examined previously is now 2 2between 12.01N/mm and 10.2N/mm for the 9mm to 12mm thick unit.
8.3.6 Study of height to base length ratio
The final parameter studied was the effect of the height to base length 
ratio of the pyramid units. For this study, height were selected at 300, 
500, 700, 900, and 1200mm (excluding a 50mm flange depth) whilst holding 
the base length constant. This gives ratios of 0.15, 0.25, 0.35, 0.45 and 
0,6 respectively. The thickness of the continuum was chosen at 7.5mm for 
this part of the parameter study.
The effect of increasing this parameter is shown in figures 8.25 and 8.26. 
Essentially, the effect is to reduce stresses at the folds and reduce 
displaconents of the structure with increasing ratio. Considerable 
improvement in stresses and displacements is shown up to ratios of about 
0.35 to 0.4, where upon the improvement levels out. This is due to the 
increased self weight beginning to dominate the performance as the height 
is increased.
The stress distribution within the continuum of the units is indicated in 
the series of figures 8.27 to 8.31. By increasing the height, it can be 
seen that stresses are reduced throughout the continuum; that is, in the 
fold, the face and the flange regions of the structure. At the optimum9ratio of around 0.35 to 0.4, the maximum stress shown is between 8,0N/mm“ 2and 7.0N/mm , (interpolating from figure 8.26).
For the height to base length ratio used to date for the pyramid units, 
ie. 0.25, for a continuum thickness of 7.5mm the maximum stress indicated
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2is 12.0N/inm . This is a reasonable level of stress, but any further 
decrease in the ratio would be likely to give a very large increase in 
this stress value and would clearly be unsuitable.
8.4 Discussion
By carrying out the parameter study, it has been possible to define an 
optimum unit in S.M.C. material for use in continuun/skeletal structures. 
For the best performance in terms of displacements and stresses within the 
continuum the thickness of the unit should be around 9mm. The height to 
base length ratio should be in the order of 0.35, giving a height of 700mm 
for a 2000mm base length pyramid. This excludes the nominal height of the 
flange region which would probably be in the order of 50mm. In practice, 
a further limitation on the height of the pyramid may be the clearance or 
"daylight" available in the press used for moulding.
Increasing these basic parameters beyond the limits mentioned has very 
little beneficial effect on the performance of the structure because of 
the increased self weight that is brought about at the same time.
It has been shown tliat the centroids of the pyramid face can safely be 
reduced by up to at least half of the nominal thickness of the units 
whilst retaining the full thickness at the fold and flange without 
adversely affecting stresses within the continuum. In fact this offers 
considerable improvement in performance due to the decreased self weight 
of the units at nominal thicknesses over 8mm. Clearly considerable saving 
in material can be achieved by using this strategy.
Further improvement to the structural unit can be made by the introduction 
of extra fibres into the fold region of the pyramids. A clear improvonent 
in the performance of the structure analysed has been shown with the 
general effect being one of reducing displaconents and shedding load to 
the reinforced areas. This is clearly an advantage in a material that 
generally exhibits material property variations, since minimum property 
values can be more easily achieved in the reinforced areas. Methods for 
introducing these extra fibres in the fold area are outlined in 
Chapter 10.
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Maximum stress levels in the structural configuration investigated have
been shown to be around lON/mm for pyramids of optimum thickness and a
height to base ratio of 0.25. This stress level can be reduced by
increasing the height to base ratio, and indeed for a thickness of
slightly less than optimum, stress of 7 to 8 N/mm are indicated for a
ratio of 0.35. When comparing stresses of this order to the nominal' 2ultimate for the material of 60 to 70 N/mm , and bearing in mind that part 
of the load is medium term, it should be possible to meet creep 
requironents for this structure.
The second structural component used in the structure investigated was the
skeletal member connecting the apexes of the pyramids. For this
component, it was found that a pultruded G.R.P, member with a2cross-sectional area of at least 500mm was needed to obtain the best 
performance from the structure in terms of displacanents.
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CHAPTER 9
MOULD PARAMETER STUDY
9.1 Introduction
9.1.1 General considerations
It has been shown in Chapter 4 and in the literature, that G.R.P. 
manufactured from S.M.C. is a variable material, and that this variability 
is a function of flow in the mould. During this mould flow, glass fibres 
may be adversely orientated within the moulded component.
Adverse orientation of fibres did, in fact, occur in the pyramid units 
developed for this project, where fibres tended to be orientated at right 
angles to the folds of the units.
When a roof structure was constructed using the pyramid unit, it was 
shown, both experimentally and analytically that, under certain loading 
configurations, the load was transmitted to the supports mostly through 
in-plane action in the fold and flange regions of the structure. It can 
be seen, therefore, that one of the important load bearing areas of the 
continuum, ie., parallel to the folds, was weakened due to this 
orientation of fibres.
This situation would of course be very inconvenient if it should occur in 
production moulding of a component, and would lead to the necessity of 
over-reinforcing the S.M.C. used, in order to ensure minimum properties at 
the fold regions.
Clearly, it would be of great advantage if a unit of known isotropic 
material properties could always be guaranteed. Furthermore, should it 
prove possible to produce favourable orientations of fibres, ie., to 
arrange fibre orientated flow regions where high stresses are anticipated 
in the finished component under working conditions, this would be of even
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greater advantage. The beneficial effects on performance of a structure 
with such an arranged increase in material properties has been shown in 
the parameter study on a roof structure, as described in section 8.3.5.
9.1.2 Moulding parameters
If an increase in material properties could be produced by a flow effect 
alone, in a controlled manner, then reduced fibre loadings in the S.M.C. 
could be used, in the knowledge that high stress regions would have higher 
than average properties. The production of a "perfect" canponent of this 
type would undoubtably be dependent on a number of moulding parameters 
including charge shape, pressure applied, tonperature of material in the 
mould, rate of mould closure and the visco-elastic properties of the 
compounded S.M.C. itself.
By setting the rest of these parameters constant, the charge shape 
required to achieve this end result could be arrived at by a formal charge 
shape investigation. Thus for each new component under development, a 
trial and error programme could be enbarked upon to determine the best 
charge shape. The effect of each charge shape would be checked by 
material testing and X-ray investigation. Such a programme could prove 
costly and, of course, may not be practical at all with a moulding tool 
with limited life. This type of approach merely produces the "best" 
charge shape and little or no understanding of mould flow is actually 
obtained.
It would be preferable if flow in the mould could be predicted by a 
theoretical treatmemt based on the visco-elastic properties of the S.M.C. 
at mould temperatures and pressures. Such theoretical approaches have 
been attempted, and are reported in the literature, for siimple tools with 
usually simplifying assumptions made, eg. Newtonian fluid, (as discussed 
in section 2.4.18). The development of a full theoretical treatment for 
the mould flow within the pyramid tool was, however, beyond the scope of 
this current project.
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A third approach to the better understanding of mould flow is available. 
This entails the fitting of instruments into the mould surface to monitor 
temperatures and pressures throughout the moulding cycle.
Such an approach can supply valuable experimental data against which 
theoretical treatments can be evaluated, or using the experimental results 
alone, general conclusions about the mould flow can be made. The latter 
approach was the one adopted in this investigation.
9.2 Instrumentation
At the time of mould manufacture, the tool had been fitted with recesses 
so that pressure and tanperature gauges could be fitted, (described in 
Chapter 3). During earlier mouldings these recesses were fitted with 
dummy inserts so that moulding could proceed ahead of the development of 
instrumentation. These dummy inserts were replaced by the instruments 
once sufficient mouldings had been obtained to construct a roof structure.
Two different types of recess were supplied in the tool surface, one of 
large diameter into which it was planned to place a pressure transducer 
and a thermocouple and another of small diameter into which would be 
placed a thermocouple alone. The recesses in the tool were threaded, 
thereby facilitating the fitting of the instruments.
The aims of the investigation were to monitor both pressure and 
temperature variations in the mould throughout the moulding cycle.
Four pressure transducer positions were planned for the tool, arranged as 
shown in figure 9.1 on one pyramid face of the die. Thus positioned the 
transducers would give a good indication of pressure variation across the 
face during moulding.
Originally, it was planned to fit commercially available peizo-electric 
pressure transducers into these positions on the tool surface. This type 
of pressure transducer is available from Kistler. However, these
devices proved to be prohibitively ©cpensive and so a cheaper form of 
transducer had to be developed.
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Eight thermocouple positions were planned, also shown in figure 9.1, 
instrumenting both the punch and the die side of the tool. Commercially 
available thermocouples with a pre-welded junction were used.
9.3 Pressure Transducer - -
•9.3.1 General L
The principle adopted for this device was that of the load cell. A small 
metal, closed ended cylinder, fitted with strain gauges, would give strain 
output when subjected to pressure. If such a device could be manufactured 
on a small enough scale then this would provide an adequate pressure 
transducer.
The basic design of the pressure transducer is illustrated in figure 9.2. 
Essentially the device consisted of a thin walled metal cylinder, to which 
strain gauges were attached, contained in a threaded insert that would fit 
into the previously positioned recesses. The thin walled cylinder was to 
have a closed end at the tool surface, onto which the pressure would act 
during moulding. The strain in the cylinder would be measured by four 
strain gauges, two longitudinal and two circumferential, arranged in a 
full bridge circuit. A flexible medium would hold the cylinder in place 
within the insert.
Pressure transducer range and sensitivity demanded a thin walled cylinder
of an aluminium alloy to give a practical wall thickness and measurable3 2strains. With modulus of elasticity of around 70x10 N/mm the wall2 2 thickness of the cylinder was 0.4mm . Changes in pressure of 0.075 N/mm
would be quite measurable and an overstress, that would damage the unit,
of 250 N/m
conditions.
2m was very unlikely to be reached under normal moulding
A well defined variation of reading from the pressure transducer was 
preferred, but it was appreciated that with the device operating at 
elevated and changing temperatures the modulus of the aluminium alloy was 
likely to vary. However, an aluminium alloy was made available by the
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Royal Aircraft Establishment at Farnborough that held its modulus 
essentially constant over the working temperature r a n g e . I t  was thus 
possible to eliminate this probable cause of difficulty.
9.3.2 Manufacture
The aluminium alloy cylinder was machined from a 15mm diameter rod of the 
material and then bored to leave 0.4mm wall thickness. An end cap 
thickness of 2.5mm was retained. Gauges were attached to the cylinder 
using an adhesive stable at high temperature and which would not break 
down at tlie elevated temperatures anticipated. The gauges were bonded to 
the outside of the cylinder, the wires from these passing through slots at 
the base of the cylinder. Connection was made to a cable which then ran 
out through the centre to the previously positioned sheathing. The gauges 
were connected in a full bridge circuit; the connections being soldered 
under magnification owing to the small scale of the device. Wiring the 
gauges in a full bridge cicuit would produce equal thermal strains in both 
arms and hence eliminate any tanperature effect.
Positioning of the cylinder within the threaded insert was achieved by
using silicon rubber poured into the annulus between the component parts 
whilst liquid. A photograph of the components before final assembly is 
shown on figure 9.3.
The device was planned to operate by longitudinal and circumferential 
strains within the cylinder therefore it was important not to restrict
these actions to any great extent. It was also important to prevent
ingress of S.M.C. into the device during moulding.
Bearing these requirements in mind, a very flexible silicon rubber 
formulation was considered to be an appropriate medium with which to fill 
the annulus. The silicon rubber also protected and insulated the gauges 
and wiring. Erosion of the silicon rubber by the abrasive fibre filled 
S.M.C. would probably have been a problem in the long terra, but in the 
final event it proved possible only to carry out a limited number of 
moulding cycles hence erosion was not a problon.
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9.3.3 Calibration
Although it was clear after manufacture that the device did react very 
well to applied pressure, the exact relationship between strain reading 
and applied pressure was unknown. It was therefore necessary to calibrate 
the device using known loadings on the closed end of the cylinder. This 
calibration had also to be carried out over a range of temperatures to 
check for any temperature related effects on the reading.
To calibrate the device, an Instron testing machine was used along with an 
oven available from the same manufacturer for the purpose of elevating the 
tanperature of samples under test. A direct compressive force was applied 
to the end surface of the cylinder when inside the oven, via specially 
constructed "jaw" pieces. This direct force, of course, would simply 
relate to an equivalent surface pressure. A diagram of the device under 
test is shown in figure 9.4.
The load was applied in increments up to an equivalent of working pressure 2at 3.5 N/mm and the strain output monitored using a Peekel recorder. 
Tliis procedure was carried out for the device at room tenperature and then 
for several different elevated tenperatures up to and beyond the expected 
working temperature of 120°C. Temperature was monitored using a digital 
thermometer, the sensor of which was placed on the surface of the device. 
Sufficient time was allowed for thermal steady state conditions to be 
achieved inside the oven before preceding with each test. The results of 
this calibration testing are shown in figure 9.5.
From the calibration tests, a quite distinct behaviour for the device 
emerged. Clearly the output from the device is dependent on tanperature. 
Below about 45°C the output is approximately linear. Above a temperature 
of about 85^0, however, the relationship of strain to load reading has a 
distinct non-linear relationship. Between these two is a transition 
stage. There is a certain amount of spread of results at the top of the 
temperature range but the behaviour is roughly the same over 85°C. In 
further testing these results were able to be repeated.
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This distinct type of behaviour can probably be attributed to tanperature 
dependent effects on;
(i) strain transference through the adhesive layer between gauge 
and cylinder,
(ii) unequal thermal strains within the cylinder,
(iii) misalignment of gauges.
Although the primary temperature dependent effects of the changing modulus
of elasticity and the effect on the gauges thonselves had been eliminated,
the secondary effects had not been fully appreciated.
The performance of the device was therefore disappointing apart from the 
relative consistancy of readings above 85^C. It was considered that when 
mounted in the mould at a working temperature of 120^C, even accounting 
for a cooling effect by the insertion of room temperature S.M.C., the 
device would not cool below 85^C. The device was therefore still usable 
since a more or less consistant strain output under pressure could be 
guaranteed above this temperature. If many devices of this type were 
manufactured, it is likely that each one made would exhibit a unique 
pressure verses strain behaviour, necessitating the calibration of each 
device individually.
9.3.4 Fitting
Although four pressure monitoring points had been planned originally, in 
the final event it proved only practicable to use one. Firstly it was 
discovered on rénovai of the dummy inserts from the recesses that one of 
the routes available for passing wires along had been blocked by the 
ingress of backfill resin. This left only three possible positions for 
the placing of tlie transducers, all of which lay along the fold region. 
However, because of the intricacies of manufacture and testing of the 
device, it was only possible to make up a single device in the time scale 
available. It was decided to site this transducer at the apex position.
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The one working pressure transducer would not be able to satisfy the 
original aim of monitoring pressure variations across the face of the 
mould during moulding.
The purpose of placing the device in the mould was thus more limited, the 
new aims being the assessment of the performance of this specially 
developed instrument and the determination of the true pressure within the 
mould at mould closure. At this point the pressure would be redistributed 
to the steel box of the tool. Pressure change at this one point would 
still be monitored throughout the moulding cycle but these might be 
difficult to interpret when lacking other data.
9.3.5 Limitations
It was appreciated, at least qualitatively, that the pressure transducer 
device developed was likely to suffer from further limitations. During 
the initial stages of mould closure, the flow of the S.M.C. would tend to 
introduce shear forces across the face of the device. These shear forces 
would be registered as strain within the transducer; but it was considered 
that this effect would be of secondary importance when canpared to direct 
pressure.
Measurement of direct pressure would continue right through the moulding 
cycle, and this would be accompanied by a change of state of the S.M.C. 
from a fluid to a solid. Up to gel time the pressure transducer would be 
measuring fluid pressure within the mould, but subsequent to gelation, it 
might be measuring a different parameter, ie., surface pressure.
All these limitations were to be bourne in mind when interpretting the 
results.
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9.4 Thermocouples
9.4.1 General
The second moulding parameter of importance in the moulding of S.M.C.
components, is the temperature of the material within the mould.
Observable effects are likely to be;
(i) gradual heating of room tanperature S.M.C. to cure temperature
at which point the catalyst initiates the cure process;
(ii) the exothermic reaction that takes place at cure;
(iii) differential cure over the mould surface giving noticeable
variations in temperature across the mould at any instant in
time.
The temperature of the S.M.C. material at any moment within the moulding 
cycle can be used qualitatively as a pointer to mould flow behaviour.
9.4.2 Assembly
A nickel chromium/nickel aluminium thermocouple was selected as the basis 
for these devices. The thermocouples were purchased with the junction 
pre-welded to a "bead" of approximately 0.75mm d i a m e t e r . T h e  wires 
of the two dissimilar metals were insulated except at the junction, and
the first 30mm immediately below this were secured in a stiff plastic
sleeve. This facilitated easy handling when fitting the thermocouple into 
the prepared threaded insert. The thermocouples were bonded into the 
threaded inserts with only the tip of the junction exposed.
In order to be successful in its role of monitoring the temperature of the 
S.M.C. material within the mould, it was essential for the junction to be 
thermally insulated, as far as possible, from the mould surface. The tip 
of the thermocouple must be able to react much more quickly to changes in 
temperature than the medium surrounding it. The surrounding medium must 
also electrically insulate the junction from the mould surface.
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The bonding medium used was silicon rubber which was considered to meet 
these requirements. The silicon rubber, when fluid, also had suitable 
flow properties to allow it to fill the annulus between tlie thermocouple 
and the threaded insert, to fully encapsulate the plastic sleeve.
When the manufacturing process had been completed, a light sanding at the 
surface of the device ensured that any thin film of silicon rubber that 
might have formed over the tip, was ronoved.
9.4.3 Pitting
At the time of manufacture, the hot press moulding tool had been provided 
with a number of threaded inserts into which could be fitted a 
thermocouple. These recesses were similar to those provided for the 
pressure transducers but of smaller diameter. In principle the 
thermocouple was to be bonded into a threaded insert, rather like a large 
grub screw, which would then be screwed into the mould surface. In 
addition, it was planned to place a thermocouple within each pressure 
transducer device since there was adequate room within the larger diameter 
casings. In all, eight thermocouple points were planned within the mould 
surface to monitor the temperature of the S.M.C. material. The assembled 
thermocouples (shown in figure 9.6) were to be included in both punch and 
die side of the tool. Some of these instruments were placed directly 
opposite each other in the punch and the die to determine if there was any 
difference in temperature across the material thickness.
Five thermocouple devices were manufactured in this way, two of which were 
bonded into the larger diameter inserts that had originally been envisaged 
as combined pressure transducer/thermocouples. The position occupied by 
the actual pressure transducer did not contain a thermocouple as it was 
now considered unwise to add any complications to this device. As 
explained above, one pressure transducer position had been lost due to 
blocked sheathing and this was also found to be the case for one of the 
thermocouple positions. Three positions out of the original eight planned 
therefore had no thermocouple, and these are indicated in figure 9.1.
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9.5 Fitting Procedure for the Instruments
The dummy inserts that had been used to fill the recesses throughout the 
early mouldings were removed and discarded. Fitting of the instruments 
then proceded as shown in figure 9.7. The tools to assist in the fitting 
of the instruments were purpose made. A simple slotted head in the 
thermocouple "grub screw" facilitated the fitting of these devices with 
the use of a split bladed screwdriver.
The small holes in the surface of the pressure transducer casing were 
fitted with grub screws as indicated in figure 9.7. Slots in both these 
and the thermocouple grub screw did form undercuts in the mould, but these 
were filled with hardened S.M.C. resin on the first imulding and caused no 
demoulding pr obi ans.
9.6 Recording Devices
On fitting the instruments, the wires from them were passed down the 
sheathing provided and then connected to recording devices. The pressure 
transducer reading was monitored with a Peekel box connected to an X-t 
chart recorder. Hence a continuous graphical output of reading against 
time was obtained for this device. The thermocouples were monitored by a 
specially developed portable datalogging device and readings collected on 
punched paper tape in ASCII code.
The datalogger developed had a maximum of eight channels. The signal from 
the thermocouples was amplified into the volts range which was then 
converted to digital information. A bank of reed switches controlled by a 
timer selected each channel in turn, and conversion from analogue to 
digital was handled by a digital voltmeter wired into the system. Output 
was then to a punch tape driver. The speed of the recording device was 
determined at the analogue to digital conversion stage. In the final 
event only 5 channels were used, and these took approximately 10 seconds 
to monitor. Readings were taken every 20 seconds. Only three significant 
figures were recorded on the paper tape, limiting the resolution.
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9.7 Moulding Considerations
Before the fitting of the instruments, 32 mouldings had been achieved. 
The tool had already shown signs of wear (as discussed in Chapter 3), and 
so it was suspected that only a few more moulding cycles with the 
instruments fitted would be practicable. Thus a further limitation was 
placed on this study. It was decided therefore to retain the charge shape 
already used to produce mouldings and try and interpret pressure and 
temperature readings with respect to what was already known about the 
material properties of these moulded components.
With the instruments in place, six mouldings were achieved. The charge 
shape was loaded into the tool, and the moulding cycle carried out in an 
identical manner to that previously used.
9.8 Results
9.8.1 Pressure transducer results
The readings obtained from the pressure transducer are shown in 
figure 9.8. It can be seen that all moulding cycles show a similar 
behaviour. This figure has been reproduced from the original chart 
recorder traces.
The pen "shake" at the beginning of each trace represents the first stages 
of flow when the compression of the thickened resin and glass fibres 
commences, at which time there is probably a shear element included in the 
reading.
In all cycles, the reading then quickly builds to a peak value which is inothe region of the nominal mould pressure applied, 3.5 N/mm~. Thus the 
peak is probably best interpreted as the pressure in the mould an instant 
before full mould closure, when the flow of material is very nearly 
complete.
After the peak value, the reading begins to fall. This can be accounted 
for by the redistribution of the pressure to the steel casing of the tool,
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but may also include a component of the final flow of material to fill the
mould, in which case the reading would be falling due to the increasing
plan area of S.M.C. as it flows. At the point where the trace levels off,
however, it is clear that the remaining reading represents the actual
pressure in the mould after there has been some redistribution of the2applied pressure to the casing. This value is about 1.0 N/mm .
Beyond this point on the curve the reading begins to increase. This is 
probably representative of differential cure taking place within the 
mould. The onset of the cure is accompanied by shrinkage (even in low 
shrink or low profile resins) which has the effect of shedding load to 
those areas in which the S.M.C. in still fluid. It would appear that the 
apex region of the mould is not the first region in which cure is 
initiated, as evidenced by these readings.
At the point where there is some evidence for the onset of cure (at about 
100 seconds), the pressure was backed-off to a nominal value half of that 
used to flow the S.M.C., to be consistent with the previous moulding 
procedure, (as described in Chapter 3). As can be seen from the readings, 
the pressure transducer faithfully records this drop in pressure, falling 
to approximately half of the mould close value.
The evidence from the pressure transducer suggest that this pressure 
back-off, necessitated by concern over mould durability, may have 
consistently taken place at the onset of cure within the mould in some 
regions. What effect this had on the final components produced is 
difficult to evaluate, but it may have been detrimental. It is generally 
accepted that better components are produced when maintaining a constant 
high pressure throughout the moulding cycle.
Cure of the S.M.C. had been anticipated to occur at around 200 seconds. 
It would seoïi that, in parts of the the mould, the S.M.C. material is 
hotter than average, and therefore reaches cure temperature earlier.
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9.8,2 Thermocouple results
Analysis of the results obtained from the thermocouples supports this 
basic picture of moulding events. These results are shown graphically in 
figures 9.9 and 9.10 .
It should be noted that, after fitting of the thermocouples into the mould 
surface, it was discovered that one of the intruments had been damaged in 
some way leading to an open circuit. Thus, from the original eight 
thermocouples planned, there now remained four. Fortunately the remaining 
instruments were all at unique positions in the mould and so it was 
decided to proceed with the mouldings.
As can be seen from the figures, even at the first reading 20 seconds into 
each moulding cycle, thermocouples at the extronities of the mould are 
already indicating higher S.M.C. temperatures than those nearer the apex. 
The temperature indicated at the extremities of the mould are in fact high 
enough to initiate cure at 120°C whilst near the apex, temperatures are 
still below this. This is supporting evidence for the existance of 
differential cure across the mould. After about 1.5 minutes, all areas of 
the mould reached a temperature in which cure could be initiated.
Disappointingly, there is only minimum evidence of the exothermic reaction 
that takes place on the cure of S.M.C. in one trace shown in figure 9.11. 
It had been anticipated that the curves would show a distinct peak at 
exotherm. Fairly rapid heating of the S.M.C. is indicated at first, 
followed by heating at a reduced rate. It is probable that the exothermic 
reaction is included in this rapid heating phase being somewhat disguised 
by the general trend. The change from steep to shallow gradient indicated 
by some instruments, particularly near the extremities of the mould, may 
convey the end of exotherm. This would give full cure in these areas at 
approximately 1.5 to 1.75 minutes. End of cure for the apex region would 
then appear to be around 2.25 to 2.5 minutes.
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steady but more gradual heating is then indicated for the remainder of 
each cycle up to 10 minutes. Clearly the total time for the S.M.C. in the 
mould is now shown to have been excessive; it seons that cure had occured 
much earlier. This long period of overcure was maintained, however, to be 
consistent with previous moulding procedure.
At the end of the 10 minutes cycle a thermal steady state existed, thus 
temperature readings were indicative of actual heat input variation over 
the mould surface. It was possible that there would be hot spots on this 
moulding tool and this is shown to be the case by the temperature readings 
obtained. Total tanperature variation across the mould is in the order 
of 10°C, the greatest heat input being at the apex.
This is of a reversal of conditions that existed in the mould earlier in 
the moulding cycle. This suggests that the occurence of the hotter S.M.C, 
at the extranities of the mould in the early stage of the cycle is related 
to mould flow rather than simply a matter of heat input from the mould 
surface. Clearly there is some indication here that the surface "skin" of 
the S.M.C., which receives heat in the early stages of the cycle as the 
mould closes, finds its way to the extremities of the mould, leaving a 
cooler "core" of material at the apex at the instant of mould closure.
9.9 Discussion
Although discussion of events during the moulding cycle for the pyramid
tool is somewhat speculative due to lack of full data, certain
generalisations can be made.
When the press is closed, the S.M.C. material most certainly flows to fill 
the mould cavity and air is expelled from the compounded sheet. As a 
consequence of this flow, at mould closure there is a variation of S.M.C. 
temperature across the mould. In the case of the pyramid tool the hottest 
material was towards the extremities of the mould. Taking further
evidence from the percentage of fibres found in the flange regions of
finished components that was described in section 4.3.5, it may be that 
this hot material was a little resin rich.
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2At the instant before mould closure the full nominal pressure of 3.5 N/mm2was developed in the mould, but tliis v;as reduced on to 1.0 N/mm at mould 
closure. This was due to the fact that, in the pyramid tool, moulding to 
stops was used and the pressure was partly redistributed to tool walls.
Further changes in pressure do occur and it is likely that these are 
associated with differential cure of the S.M.C. resulting in shrinkage of 
the material in different areas at different times.
Unfortunately, the limited data available sheds no light on the flow 
phenomenom which has been noted to give fold area with weaker mechanical 
properties in the finished components.
Improvised instrumentation in the form of a load cell type device has been 
successfully used as a pressure transducer. Unfortunately only one device 
could be manufactured in the time scale available and so pressure data for 
the moulding cycle is somewhat limited. The device itself, however, has 
been proven to yield valuable data. One drawback of the device could be 
that, despite manufacture to as small a scale as possible, it is still 
relatively bulky, and fittings cannot be too closely spaced without 
affecting the integrity of the backing material of a tool of the type 
used. In this case four of the threaded recesses were provided in the die 
side of the tool on one face of the pyramid and this proved to be 
satisfactory as regards the durability of the tool.
Using thermocouples, temperature can be monitored successfully throughout 
the moulding cycle.
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CHAPTER 10
CONCLUSIONS AND
SUGGESTIONS FOR FURTHER WORK
10.1 General Conclusion
The results of this project indicate that glass reinforced polyester 
(G.R.P.) manufactured from the hot press moulding of Sheet Moulding 
Compound (S.M.C.), could be considered as a structural material for use in 
the construction industry. One end use in which this material might offer 
a viable solution, would be in the préfabrication of repeatable basic 
structural units that could be assembled together to form a structure. 
Both load bearing and infill type units could be manufactured by this 
technique. This is assuming that the consistency of moulded components 
could be assured since product variability remains the biggest problem in 
S.M.C. moulding, A further requirement would be a guaranteed high volume 
of production to justify the initial capital outlay on moulding tools and 
equipment.
10.2 Material Properties
One of the advantages of using S.M.C, over the more generally used hand 
lay-up C.S.M. material, is its significantly higher elastic modulus. This 
probably arises from the greater degree of compaction of the material and 
has been demonstrated even in low reinforcement percentage S.M.C. used 
throughout this project. In the past, the use of folded plate structures 
or other high stiffness geometries has been associated with the use of 
glass reinforced polyester, in order to make up for the materials inherent 
lack of stiffness. The use of S.M.C. with its higher elastic modulus, may 
offer more design flexibility.
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For the particular S.M.C. used in this project, with a fibre loading of 
20% by weight, only moderate strengths were indicated in testing. Much 
improved strength properties, however, could be obtained for "structural 
S.M.C.these have 30% or more glass fibres by weight.
The more efficient use of fibre reinforcement, in the form of stiffer, 
stronger glass fibres, such as S-2 glass, or the use of hybrids 
incorporating carbon fibres, would be beneficial to the mechanical 
properties. Increased fibre length also provides a more efficient use of 
reinforcement.
Standard S.M.C, is at a disadvantage when compared to hand lay-up C.S.M. 
material in having a short glass fibre length of 25mm. The critical glass 
fibre length ie., the length necessary to allow the fibre to develop full 
stress, is in the order of 50mm, This length is generally used in the 
hand lay-up process. Longer fibres can be used in S.M.C., but there is 
some evidence that fibre damage occurs during moulding and that longer 
fibres tend to bridge intricate mould details. However, for the 
structural components envisaged, being of relatively simple geometry as 
the pyramid unit presented here, longer fibres could be employed.
An extension to the v7ork presented here would be to study the effects of 
these parameters in relation to a basic structural unit for use in 
construction.
The use of extra reinforcement, either in regions of the component where 
the material properties fell short of requirements or in order to improve 
properties to above average in regions of anticipated high stress, would 
probably be a strategy employed in the manufacture of a basic structural 
unit. The placement of this additional reinforcement could be achieved in 
a variety of ways, ranging from the introduction of pre-orientated chopped 
or continuous fibres at the compounding stage, to adding woven mat at the 
moulding stage. Of particular interest in this respect is the possibility 
of producing desired flow patterns of S.M.C. in the mould, to produce 
glass fibre orientation in preferred directions. This would achieve 
increased material properties in one direction at no further cost in 
materials.
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However, full prediction of the mould flow behaviour of S.M.C. is 
difficult, and further study of the rheology of the material is required 
before this can become a reliable technique.
10.3 The Hot Press Moulding Tool
It has been shown that the metal spray surface, filled resin backing 
method of tool manufacture can be successfully used to produce structural 
quality components from hot press moulded G.R.P. However, a limited life 
for such a tool must be expected. Thirty-eight complete mouldings were 
produced with the tool manufactured for the project.
The mouldings were produced in several separate sessions, fitted in 
between a busy commercial production schedule. Ihe interruptions to the 
manufacture of pyramid units, required the tool to be put through several 
heating and cooling cycles. In addition, the marginal differences in 
moulding material, environment and attention to tool preparation, may all 
have contributed to the tool’s deterioration after so relatively few 
mouldings had been made. Had continuous moulding been possible when the 
tool was producing its best quality components, it is believed that many 
more mouldings might have been manufactured.
The serious problems encountered with the punch may have been partly due 
to the plan to incorporate instruments in the tool. Metal inserts and 
sheaths were placed in the relatively small volume of the punch and this 
may have affected the integrity of the filled resin backing material.
Inspite of the many difficulties experienced with the tool, the moulded 
components proved invaluable to the research project. This was achieved 
with a total expenditure of less than £500 for the manufacture and 
maintenance, where-as the manufacture of a conventional moulding tool 
would have been economically impossible.
If handled carefully, there is no reason why low-cost tooling of this type 
should not be of great value in pilot schemes and possibly low volume 
production runs. It should be noted, however, that only a scale model of
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a practical size basic structural unit has been described here, and that 
it is likely that an increase in scale could cause greater manufacturing 
and moulding problems.
10.4 Tool Instrumentation
The inclusion of instruments at the face of the mould to measure various 
moulding parameters has been shown to be possible with the type of 
low-cost tool used. Provision can be made for these at tiie time of tool 
manufacture.
Despite the original plans for this project, only a limited number of 
final working instruments could be installed. The information on the 
variation of the key parameters during the moulding cycle are, as a 
consequence, inadequate in some respects, but general conclusions can be 
made. These have been fully discussed in section 9.9.
It has been shown that a pressure transducer based on strain gauge 
technology can produce a fairly reliable instrument for the monitoring of 
pressure during the hot press moulding cycle. Use of such an instrument 
would represent a low cost solution to instrumentation requirements.
10.5 The Moulded Components
The basic units manufactured using the specially developed moulding tool 
were shown by tests on coupon specimens to have adequate material 
properties to allow their use in an assembled structure. Average 
mechanical properties were comparable to those obtainable using steel 
tools with the same S.M.C. formulation. However, a consistent fault in 
the units was highlighted in the form of a low modulus, low strength fold 
region.
This defect is thought to have been introduced by the adverse orientation 
of the glass fibre reinforcement due to flow of the material in the 
moulding process. If, as is generally accepted, the charge shape of 
S.M.C. placed in the mould had the most significant effect on the mould 
flow, then clearly the charge shape chosen for this mould was not ideal.
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It is probable that a superior charge shape, giving a finished component 
of isotropic material, does exist for this mould. A formal charge shape 
investigation was not possible for the tool, however, because of an 
anticipated limited life. The determination of an improved charge shape 
for the pyramid could be achieved by an experimental charge shape 
investigation in a more robust tool of similar configuration, or by the 
extension to complex moulds of the theoretical treatments that have been 
reported for simple flat plate moulds.
10.6 Model Structures
The basic structural unit was successfully incorporated into model 
structures. This required the use of other components; pultruded G.R.P. 
tube and a specially developed node piece in cast glass reinforced epoxy 
resin. These components provided stiff strong structures in the 
continuum/skeletal configurations used.
By the use of strain gauges, it was determined that, under apex loading, 
high stresses are concentrated in the fold and flange regions of the 
continuum of the mcdels. Bending strains were shown to be relatively low, 
verifying the assumptions made in the structural analysis.
The consistent fault in the basic units, i.e., the low modulus, low 
strength fold region, did not affect the overall integrity of the units 
when under load. Failure of the models under experimental test loading 
was in the joint between flanges of adjacent pyramids.
10.7 The Finite Element Program
A computer program to carry out structural analysis using the finite 
element technique was successfully developed for this project. A number 
of assumption's made, however, limited the use of the program to the 
analyses of particular types of structure. The principal characteristic 
of the program was the omission of bending terms from the formulation of 
the finite elements, thus limiting the structural response to three 
translational degrees of freedom at each node. This factor of reducing 
degrees of freedom to three instead of six (including rotations),
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represented a considerable saving in computer resources required for each 
analysis. Since the total number of degrees of freedom (number of nodes 
multiplied by the number of degrees of freedom at each node) determines 
the size of the analysis, larger problems were able to be analysed than 
would otherwise have been possible. Constraints on analysis size were 
encountered for other reasons, however, principally because of limitations 
imposed by the solution routine chosen for the program.
Although the assumptions made are a simplification of the true 
three-dimensional problem, this approach is an improvement on skeletal 
analogies that have been used previously for this type of analysis. For 
the configurations of structure used and the type of loading applied in 
the analyses, it is thought that the error introduced by the omission of 
bending was small. Further investigation of this type of 
continuum/skeletal structure employing finite elements with both membrane 
and bending actions would be necessary in order to quantify the error 
introduced. Suitable elements are available in the libraries of 
commercial programs,
10.8 Analysis with the Finite Element Program
The finite element method is vjell suited to tlie analysis of structures 
that incorporate S.M.C. components. It has been shown that the 
variability of S.M.C. material can be catered for in the analysis by the 
inclusion of elements specially formulated for materials other than 
isotropic (for example orthotropic elements). Clearly this could be 
extended to a truly anisotropic treatment.
Once it is recognised that a component is being produced with a consistent 
material defect, this can be included in the finite element model. The 
only limitation is that a sufficiently fine mesh must be provided in the 
discretization of the structure to isolate the regions of differing 
material properties. For the computer program developed, a sufficiently 
fine mesh density could not always be arranged, due to computer core size 
limitations. This would not generally be the case when using commercially 
available programs which incorporate more sophisticated solution routines, 
thus allowing a larger problem size.
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10.9 Analytical Results
In general, despite the possible causes of variation (discussed in 
sections 6.7 and 7.8) the computer program developed was able to predict 
to within 16.6%, the strains in the highly stressed regions of the model 
structures tested. This allowed the program's use as a means of 
predicting the behaviour of a structure constructed from full scale 
pyramid units.
In the analyses carried out, for the structure under apex loading, the 
results indicated the same distribution of stress as for the experimental 
results. High stresses were concentrated towards the folds and flanges of 
the pyramid units, whilst low stresses were indicated at the centre of the 
faces. The extent of the high stress region at tlie fold was determined as 
one-eighth of the base length for a 3mm thick continuum in the model 
structures investigated. No general conclusion was drawn concerning this 
ratio, however, as it is probably dependent on scale, thickness and 
relative material properties of the structural components.
Using the finite element program for a study of the effect of various 
parameters on a full size structure, it has been possible to define an 
optimum unit for use in continuum/skeletal structures. For a basic 
pyramid unit of 2.0 metres side length, the best performance in terms of 
displacements and stresses was obtained with a continuum thickness of 
around 9mm. The height to base length ratio should be in the order of
0.35, which gives a height of 700mm. In addition, it has been shown that 
reducing the thickness at the centre of pyramid faces has no detrimental 
effect on the structure, and that the use of added reinforcement at the 
folds of the pyramids can be beneficial. The relative areas of the 
continuum of the pyramids receiving these special treatments was governed 
by the finite element mesh subdivision employed. Further work using finer 
mesh subdivision would be necessary to be able to determine the optimum 
areas for reduced thickness or increased material property respectively.
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10.10 Practical Considerations
In the model structures tested to destruction, the weakest point was at 
the flange connections. Clearly, if a full scale structure was to be 
constructed, careful attention would have to be given to the detailed 
design of these connections. Joints at the flanges would also have to be 
weather resistant, bearing in mind that rain water run-off would be along 
the joints between the pyramids in the type of structures envisaged. 
Suitable bonding materials do already exist, however, in the form of 
polyurethane adhesives and adhesive/sealants. These materials can provide 
very strong, resilient bonds with excellent resistance to environmental 
exposure when used for bonding S.M.C.. To combat the effects of 
weathering on the units themselves, some form of surface coating would be 
required.
Although the structures described in this present project are flat 
assemblages of several basic units, singly or doubly curved structures 
could be produced by the introduction of shaped fillet pieces between the 
flanges on the units.
At the apexes of the pyramid units, a node piece similar to the one 
developed for this project could provide a practical solution. To 
manufacture these in sufficient quantity would probably require 
compression moulding, possibly using Dough Moulding Compound.
10.11 Suggestions for Future Research
Ideally, an extension of the work presented here would require the 
manufacture of a basic structural unit in a larger scale. For this, a 
more robust moulding tool would be a requirement, enabling a formal charge 
shape investigation and allowing a large number of units to be 
manufactured. A specially formulated S.M.C. with a high fibre loading to
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produce a structural quality material would be needed, possibly with the 
inclusion of extra reinforcement in the fold areas. The finite element 
method of structural analysis could be employed, using a more rigorous 
approach, to indicate the configurations of structures that would be 
suitable for construction using this type of unit. Finally, a prototype 
structure should be built using the basic units, allowing the full 
investigation of the practical difficulties of such a construction.
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